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PREFACE TO THIRD EDITION 

The chief alterations embodied in this third edition are those 
to be found in Part I and a new Part V, together with slight 
additions to the chapters on Mercury Vapour Eectifiers. 

The reorganisation of Part I is consequent on the inclusion 
of more recent methods of Harmonic Analysis, which simplify 
the calculation of the Fourier coefficients. These methods have 
been obtained from Mr. A. Eagles’ book on the subject, and 
should properly be studied there for fuller information. 

The appearance of a book of a more physical character, 
dealing with the fundamental theories of rectification by Pro¬ 
fessor Gunther Schulze, translated by N. A. de Bruyne, will 
introduce the English reader to modem theones of rectification, 
which, if they are not complete, will prove an interesting and 
helpful speculation. 

The recent developments in the capacity of solid contact 
rectifiers, where there is a permeable and impermeable metal- 
metal boundary, necessitates the segregation of this class into a 
separate part, and commercial rectifiers of this type are avail¬ 
able in America. In this connection the modern theories of 
Schottky and Stransky, etc., have not been considered as they 
do not appear to be complete. For further reference on these 
subjects the reader is referred to the above-mentioned book by 
de Bruyne. 

Thanks are especially due to Messrs. A. Eagles and N. A. 
de Bruyne for permission to publish extracts from their re¬ 
spective books, and to Mr. L. D. Grondahl, and the American 
Institute of Electrical Engineers. 


Faibdbnxi, Shbuh Boad, 
Biohmond, 

November, 1927 . 


L. B. W. JOLLEY. 
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PREFACE TO THE SECOND EDITION 

The recent improvements in the design and mamifacture of 
rectifiers of nearly all the important types, have rendered an 
early revision essential; and while the general arrangement of 
the book remains unaltered, three new chapters have been 
added, viz.:— 

Installation of Thermionic Bectifiers. 

Badio Supplies. 

Inverters. 

It may be advanced that the second subject is one which 
should not bo included in a technical work, but with the 
increase in the use of wireless apparatus, and the comparatively 
high cost of alternative supplies (such as dry batteries, etc,), it has 
been represented that it is worth the risk of adverse criticisms 
if aid can be afforded to users and manufacturers in the solution 
of what is, at the present juncture, a difficult problem. 

In addition to the acknowledgments in the Preface of the 
first edition, I should wish to include the following: Acme 
International X-Ray Co., Mr. H. Andr6, Prof. F. Bedell, Mr. 
N. A. de Bruyne, the Bureau of Standards, Mr. W. Dallenbach, 
Mr. A. Eagles, the “Electric Journal,” the English Electric 
Co., for permission to reproduce extracts from their technical 
pamphlet on the Transverter, “Experimental Wireless,” Mr. H. 
Giroz, Mr. W. E. Highfield, Mr. S. B, Kraut, the M.O. Valve 
Co., Mr. C. W. Marshall, Mr. S. W. Maxstadt, Sir Isaac 
Pitman & Sons Ltd., Mr. D. C. Prince, Philips Lamps Ltd., 
Radio Accessories Ltd., Saunders Bros. & Co. Ltd., Mr. M. (x. 
Scroggie, and Messrs. Watson & Sons (Electro-Medical) Ltd. 
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PREI’ACE 


Especially are thanks due to Mr. A. C. Bartlett for the 
contribution of the major portion of Chapter X. 

In conclusion the Author would wish to thank those kindly 
critics of the first edition for their valuable suggestions, which 
in all possible cases have been embodied in this revision. 

L. B. W. JOLLEY. 

Faibdbnb, Shehn Road, 

Richmond, 

June. 1926. 
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PREFACE TO FIRST EDITION. 

A TREATISE on the Eectification of Alternating Currents must 
of necessity cover a wide field, comprising voltages from 100,000 
down to a small fraction of a volt. It must also include a con¬ 
sideration of rotating plant, special forms of arc, applications of 
certain electrolytic reactions, properties of certain crystals and 
the like; and therefore, although a number of types of apparatus 
must be discussed in the light of their relation to problems 
of rectification, restriction of spetce demands that questions of 
design and manufacture shall only receive cursory attention. 
In other words, a complete exposd of the various types of 
rotating and other plant has been deliberately omitted, except 
where it has been felt that the data cannot be obtained else¬ 
where. If it is found that the information is scattered and 
insufficient it is hoped that the bibliography will remedy the 
defect. 

The use of unidirectional currents has a very large applica¬ 
tion both in the supply of power and in the laboratory, and it is 
the purpose of this book to attempt to describe the methods 
available, and to present the mathematical analysis with 
numerical examples where such are possible. For example, in 
the case of Thermionic Rectifiers, the Electron Theory, to¬ 
gether with a full discussion of the emissivity of hot bodies, 
has only been cursorily examined, even though such a discussion 
is bound up fundamentally with the rectifying properties of 
thermionic valves. These and other problems have been left to 
the reader to probe further should he care to do so. 
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A moment’s thought will show that if it is desired to become 
acquainted with the fundamental principles of rectification, the 
theories of electricity and magnetism generally, rotating ma¬ 
chines and transformers, high voltage phenomena, electrolysis, 
crystallography, etc., would have to be thoroughly investigated, 
and it is obviously impossible to cope with such within the 
bounds of a single volume. 

It has been difficult to know where to cease when discussing 
theories, and the indulgence of the reader is sought in any 
criticisms he may have as to omissions of developments which 
should have been included. On the other hand, an attempt has 
been made to make the book as complete as possible in itself : 
to render reference to other works as unnecessary as need bo, 
except where more detailed information is desired. 

Eegarding the mathematical analyses which occur, it is 
preferable in considering the effect of inductance and capacity 
to reduce these quantities to their respective inductive and cou- 
densive reactances, as by so doing the time factor is eliminated, 
and it is possible to work solely in electrical degrees. 

Thus if L and C are the inductance and capacity and x and 
Xg are their respective reactances 

a? = j)L and Xg => 1/pC 

where p is the periodicity ( = 27r x frequency). 

This effects a simplification in that if the current or voltage 
wave obeys a sinusoidal law of the form 

K sin^t 

it IS at once possible to write 



The wave form then becomes K sin 0 

—t -a 

and fiL becomes 
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The impedance of a circuit containing both of these quan¬ 
tities is then Z® = B** + (aj - Xc)^ and all are in ohms. 

Nothing is lost by such a conversion, as the time element 
can readily be introduced by taking the periodicity into con¬ 
sideration if so desired. 

An extensive search has been made of the available litera¬ 
ture, and the chief source of the references has been Science 
Abstracts; in the bibhography at the end of each section, 
therefore, a reference has been made to the particular Abstract 
concerned, as it is often found that a glance at an Abstract may 
render a reference to an original article in a periodical unneces¬ 
sary: such periodicals, especially those of foreign origin, are 
often difficult of access and translations not easy to obtain. 

In conclusion I should wish to tender my best thanks to the 
following for criticisms of the text: Messrs. W. H. Glaser, 
L. D. Goldsmith, G. 0. Marris, J. W. Byde, B. W. W. Sanderson, 
G. Granville Sharp, M. Thomson, J. Wade; and to those who 
have kindly given permission for the reproduction of various 
diagrams and tables, etc.: Dr. G. E. Bairsto, Mr. Ohattock of 
the Birmingham City Council, the British Thomson-Houston 
Company, Mr. V. Bush, Mr. M. A. Codd, the Crypto Elec¬ 
trical Company, Mr. P, Keith Dalton, the General Electric 
Company, the Hewittic Electric Company, Mr. J. S. Highfield, 
Mr. C. H. Holbeach, Mr. A W Hull, Herr Jungmichl, the 
Lodge Cottrell Company, the North Metropolitan Electric 
Supply Company, the Council of the Physical Society of 
London, Dr. D, Owen, Power Bectifiers Ltd. and the Brown 
Boveri Company, Dr. B. L. Smith Bose, the late Prof. C. P. 
Steinmetz, Mr. G. Sutton, Dr. W. Tschudy, Prof. Miles 
Walker, and Prof. J. B. Whitehead, and especially to Mr. 
E. T. Bitchie and Mr. J. W. Byde for most valued assistance 
in proof reading and corrections to the text. 

L. B. W. JOLLEY. 

Faibdbikii, Shbbn Boab, 

Biohuond, 

July, 1924. 
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INTEODUCTIOJSr. 

Uses of Rectified Alternating Current.—However much 
may be said regarding the advantages of direct current, there is 
little doubt that at the present time, from the point of view of 
power generation and transmission, alternating current has con¬ 
siderable advantages over direct current. This fact is emphasised 
by the growth of the super-power station at the expense of the 
smaller station, where direct current may be expected to hold 
its own ; generation at 11,000 volts, and transmission at this or 
higher voltages in this country; and at 160 to 200 K.V. in 
America, points to the absolute necessity of alternating current 
as the only possible system for the present and in the near 
future. This is beyond doubt and scarcely needs argument. 
But when such is admitted there will still be a demand for some 
form of direct current; even in the super-power station it is 
usual to rely on direct current for the auxiliary or control 
circuits, and frequently it is necessary to install a battery for this 
purpose alone, so that in case of a failure of supply the protective 
gear will still be operative. In some of the larger substations 
batteries are also installed for similar purposes although oc¬ 
casionally pilot wires may be used for the supply of the auxiliary 
services on alternating current circuits. 

Again, even if it is presumed that such rectifying apparatus 
is available which would render the auxiliary supply reasonably 
safe, yet the failure of the main supply would involve the 
auxiliaries also, and hence up to the present an accumulator 
would appear to be an essential part of the plant. 

One can only imagine the complete disappearance of direct 
current as a possibility in power engineering and supply when 
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some form of alternating current storage is developed—a state 
of affairs which appears to be exceedingly remote, if pot actually 
impossible. 

Thus, in Electrical Engineering problems, direct current 
must be accepted as a necessity even though it may be con¬ 
sidered by some a necessary evil; but there is no doubt, that 
unless new rectifying apparatus is forthcoming, the application 
of direct current to power purposes will become less and less 
noticeable as time goes on, and as all of the smaUer power 
stations become submerged in those of much bigger dimensions. 

During the past two or three years the rapid improvements 
which have been made in rectifiers generally, have shown that 
this point has been appreciated by those engaged in scientific 
development, and the warnings which from time to time have 
been issued from authoritative sources appear to have had 
their effect. To such an extent has progress been made that 
many supply authonties are now considering schemes of alter¬ 
nating current generation and transmission, with conversion 
locally to direct current for distribution. This would appear to 
be an ideal solution, because, for many purposes, notably where 
variable speed motors are required, direct has distinct advantages 
over alternating current. It is at this point that the rectifier, 
whether rotary or static, will come into its own, and if it had 
not been believed that this would finally prove to indicate the 
trend of development in this country, if not elsewhere, there 
would have been little use for this treatise m the first instane©,---. 

At the same time, in the laboratory, test shop, and in 
wireless work, direct current will in any event, still be required, 
and in increasmg quantities. So far as Electric Traction is con¬ 
cerned, no opinion is expressed on the possible trend of develop¬ 
ment : the problem is one which has long been debated and no 
concurrence of opinion is apparent. 

In the laboratory, the difficulty of making small voltage and 
current measurements with alternating current is an ever¬ 
present problem which appears to have no immediate solution 
unless costly and elaborate apparatus is available; whereas in 
the case of direct current, meters can be obtained at reasonable 
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prices, reading to a few miliiamperes, and moreover of consider¬ 
able sensitivity. In the laboratory such instruments as the 
thermo-ammeter, etc., can be used for alternating current 
measurements with a certain degree of safety, although there is 
no one who would not prefer to use those of less delicate 
manufacture; in the test room or workshop such an instrument 
is almost impracticable and means are sometimes employed to 
convert the current to be measured into a more desirable form. 
Dr. Clayton Sharpe, for instance, has designed a rectifier to 
suit this purpose, and there is no doubt that such a device 
would be a welcome addition to a laboratory equipment 
(Chapter XXIII). 

The great increase in the sale of accumulators for wireless 
sets has resulted in an almost impossible position regarding 
charging facilities. No one cares for the trouble of sending a 
heavy accumulator to the nearest garage for charging purposes, 
with the added disadvantage of inexpert attention ; the cost of 
dry cells as an alternative is prohibitive, unless the apparatus 
only requires the use of small receiving valves, and it therefore 
becomes necessary to install some form of rectifier, especially 
where the apparatus is used for wireless transmission and 
larger power outputs are required. In the latter case, if noise¬ 
less speech reproduction is the aim (and this is surely the 
sole object of the present-day amateur) smoothing devices are 
essential in the rectified circuit, otherwise the appajratus will be 
a nuisance to the neighbourhood. Such devices, although not 
an essential part of a redtifying plant are of fundamental im¬ 
portance, and stress has therefore been laid on the possible use 
of smoothing condensers and inductances in many places in 
subsequent chapters. If it were realised that a considerable 
improvement could easily be effected in this direction by 
comparatively simple apparatus there would be less trouble 
from noisy sets than there is at present. 

Coming to the case of the high voltage requirements, 
apparently unidirectional current will always be required in 
wireless operations in some form or other, i.e. with an undula- 
toriness which is within certain prescribed limits. High voltage. 
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direct current generators are anathema on account of the 
necessity of insulated bedplates for series operation; and the 
net conclusion is, that some form of rectification is required. 
Numerous deviceshave been tried, none of which are perfect, 
though each has its own desirable features. Consider Table I. 
If a high voltage converter is required, under the heading of 
high power rectifiers there is nothing to fill the gap except the 
Transverter, and in the case of low power rectifiers it is found 
that one of the following classes of apparatus may be used ;— 

(1) Spark commutators, 

(2) Thermionic tubes, 

(3) Vibrating flames, 

(4) Point to plate discharges, 
or (6) Corona. 

and none of these are suitable for high power outputs. 

The subdivision into high and low power rectifiers is quite 
arbitrary, but it is apparent that where one requires a large, 
high voltage, direct current output of more than one or two 
kilowatts the only plant available is the Transverter. So far, 
the practice obtains of using numbers of thermionic rectifiers 
in parallel, but the difllculties attending this method are not 
to be despised, as anyone who has had control of even a 
moderately sized installation will appreciate. The development 
of the water-cooled thermionic rectifier is to a certain extent 
modifying this state of affairs ; but so far although the power 
rectified is increasing, yet the supply voltage has not progressed 
at the same rate, Thus comparatively large powers of the 
order of 200 KW. can be rectified, but the voltage limit appears 
at the present to be of the order of 30 K.V. for this class of 
rectification—the future may tell a different story. 

In no branch of the electrical industry has development 
been so retarded as in that of rectification. The thermionic 
rectifier has only been developed as a miniature half-brother to 
the three electrode valve and is badly in need of assistance—its 
short life (a few thousand hours at the most), comparative un¬ 
certainty in action, and its inefficiency, combine to render it 
unsuitable at the present time for high power conversion. 
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The most promising line for future experimentation would 
appear to be the commutator driven by a synchronous motor, 
and although no one cares to propagate such an unscientific 
device as a commutator there seems to be no help for it. 
Fundamentally, there would appear to be no reason why a 
commutator could not be developed which would be practically 
sparkless in action, although the difficulties attending its design 
and manufacture are not to be despised. If a commutator can 
be assumed as a practicable proposition, the amount of power 
that can be converted for a small expenditure of energy in 
driving the motor is considerable; a motor of two or three 
B.H.P. being capable of supplying the necessary torque for the 
conversion of high power inputs. 

It may be advanced that the mercury vapour rectifier is a 
solution of the problem, but so far the voltage bar has been 
difficult to surmount and one is faced, where voltages of fiity to 
one hundred kilovolts are concerned, with a possibility of rows 
and rows of rectifiers, each unit in senes and insulated from its 
pump and from earth in the same way as the high voltage, 
series, direct current system. 

A strong plea is therefore put forward for serious considera¬ 
tion of this subject of rectification, as a separate and distinct 
problem. The expert in rectification problems generally must 
be one of considerable experience in Physics and Chemistry as 
well as Electrical Engineering; and he must, of necessity, be 
familiar with high voltage phenomena, so that all phases of 
the problem may be investigated. There is no doubt that urn- 
directional current at voltages of one hundred or even two 
hundred-and-fifty kilovolts will be required in the near future, 
and so far there is no rectification plant whatever available 
which will cope with the demand which does not need the 
installation of expensive transformers; whether these require¬ 
ments will include the rectification of large power inputs or not, 
it is difficult to say; but is it fantastic to assume that if rectifiers 
could be obtained which would cope with thousands of kilowatts 
at hundreds of kilovolts with the ease of a static transformer 
then such a supply would be a serious rival of the three phase, 
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high voltage distribution ? Certainly many present evils would 
be eliminated and insulations would stand up where at present 
they break down for the same effective voltage, and that bugbear, 
“ power factor ” would be heard of no more. 

The Problem.—This introduction to the study of rectifica¬ 
tion can best be employed by discussing the problem quite 
generally, leaving the consideration of detail to subsequent 
chapters. 

Eectification, by definition, should entail the conversion of 
a current which fluctuates symmetrically about an axis of time 
into one which fluctuates in any fashion whatsoever unsym- 
metrically about the same axis. This may be accomplished in 



Fifl. 1.—Typical wave forms of rectified current. 


several ways; in Eig. 1 the alternating current wave ‘a’ will 
be rectified in the broadest sense if it is converted into any one 
of the wave forms ‘6,’ ‘c,’ ‘d,’ ‘e,' or The term perfect 
rectification is applied to such wave forms as ‘6,' * d,' * e,’ and 
*/,' where the whole of the current is positive in direction; and 
imperfect rectification to the case of ‘ c,’ where a slight negative 
wave is present at the same time; the converse would result 
equally in a rectified current, viz. if the larger portion were 
negative and the smaller positive, although in practice this form 
of rectified current is rarely encountered. 

Suitable apparatus can be designed to produce any of these 
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reaults. This, however, is the effect of rectification—to study 
more closely the cause of the change it is convenient to consider 
the matter from the analytical standpoint. 

Assume that a piece of apparatus exists which does not obey 
Ohm’s Law in so far as the relation of the current through the 
apparatus and the voltage drop is concerned, then quite generally, 
the follovTing relation connecting these two quantities exists:— 

i - 

where i is the current and e the voltage, the assumption being 
that <f>{6) is not linear. Further, assume that a small change 
in i, VIZ. Bi, is accompanied by a change Be in the voltage, then 
(i + Bi) = (f>(e + Be). 

According to Taylor’s Theorem this expression may be 
expanded into the series 

(i + Bi) = <f>{e) + Be(f>Xe) + + . . . 

where ^ {<^(e)} and ^ {0(fi)}, etc. 

From this equation, substituting for i, ^ 

Bi = Be<f>(e) + + • • • 

Now if this small change Be consists of an alternating voltage 
which is impressed on the circuit, Sg sin 0 may be substituted 
for Sfi, and 

Bi = Sfisin 0<f>Xe) + + • • • 

which may be written in the form 

gi « ^ 0''(e) + . . . + Se sin + • • • (1) 

If the' function is not linear in form, it will be seen that 
the device will allow a certain current to pass dependent on 
the nature of the function and its first and foUoiving deriva¬ 
tives, but if the relation does happen to be linear the series 
vanishes and i becomes 

sin & => constant x sin 0. 

Hence rectification depends for its action on a volt-ampere 
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characteristic which is not linear. (See footnote and also 
page 16.) 

Fig. 2 illustrates this point graphically, where I = <f>(E) is 
the volt-ampere characteristic of the rectifying apparatus; if 
PM represents the current at a 
given voltage OM, and an alternat¬ 
ing E.M.F. is applied with an {2 
amplitude equal to MM' (= MM"), £ 

then the increase in current due s 
to MM' is P'T' whereas the re- 
duction due to MM" is P''T"; and 
as P'T' is greater than P''T" a net 
unidirectional current vdll flow 
through the apparatus equal to 
ISP'r - SF"ri It will further ° 
be apparent that this value of the 
net current will he a maximum 

with a curve of the shape and form indicated in the figure, when 
the point P occurs at the position of maximum rate of change 
of slope; and also from equation (1) that if the higher derivatives 
are neglected the current is proportional to the square of the 
impressed alternating voltage. 

Classification.—Eeotifiers can be classified in various ways 
according to the duty they are required to perform, and Table I. 
will serve as a guide to the type of rectifier suited to any par¬ 
ticular duty. 

This table must not be rigidly applied, and the reader may 
be able to enlarge its scope considerably, but it is included so as 
to give a general idea of the nature of the apparatus available. 

Note .—This is a generalised statement, and does not apply in eaoh particular 
case; for instanoe, meohanioal reotifiers and eleotrolytio oells do not depend alto¬ 
gether for their rectifying properties on their volt-ampere oharaoteristio; and they 
tnerefore cannot be considered as coming within the purview of this example. 
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PART I. 

FOURIER’S SERIES, HARMONIC ANALYSIS, AND 
WAVE FORM. 
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PART I 

FOUBIEE’S SEEIES, HAEMONIC ANALYSIS, AND WAVE 

FOEM. 

CHAPTER I 
FOURIER’S SERIBB. 

General Considerations.—In a perfect system of unidirec¬ 
tional or continuous current the wave form would consist of a 
straight line parallel to the axis of time; this ideal, however, 
is rarely realised in practice, the nearest approach being that 
of a homopolar form of direct current generator. In all direct 
current machinery employing a commutator the current consists 
of a ripple, often of high frequency, superimposed on the ideal 
horizontal straight lina This undulatoriness is due to the 
division of the winding and to imperfect commutation, but by 
suitably choosing the number of segments, the amplitude of 
such oscillations can be reduced to a minimum; but even with 
perfect commutation a smooth wave would not be obtained, the 
spacing factor of the winding presenting inherent difficulties. 
A more or less undulating wave is encountered in most cases of 
rectified circuits supplied from mercury vapour rectifiers, ther¬ 
mionic tubes and the like, with the difference that in the majority 
of rectifiers the periodicity of the oscillation is a multiple of the 
supply periodicity, and to a certain extent the undulatoriness 
can be controlled within well-defined limits. 

It is important to be able to analyse the particular wave 
form generated or rectified, and although Part I, will not 
deal in detail with all of the various methods available, it will 
supply sufficient information to enable the reader to analyse 
most of the wave forms met with in practice. 

It is not generally realised that wave form has a distinct 
effect on the indications of various types of instruments (page 74). 
One is familiar, for instance, with the fact that a moving iron 
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or dynamometer voltmeter or ammeter can bo used on direct 
current circuits, but it is not generally appreciated that the 
readings of such instruments are identical with those of moving 
coil instruments only because the commutator ripplo is of high 
frequency and low amplitude; yet on some rectified circuitH 
this difference is noticeable and may lead to incorrect results if 
an instrument suited to the requirements is not employed. 

There is another point on which little information is at 
present available. It is shown on page 22 that the general 
wave form of certain rectified circuits takes a certain shape 
which consists of a Fourier’s series with a constant term and 
the cosines of even harmonics. If the maximum amplitude of 
the wave form is considered to be unity, the percentage contri¬ 
bution of the constant term and the harmonics is found to have 
the values given in Table 11. 

J TABLE II. 


N umber of 


Per Oent 
Constant 
Term in 


Per Cent, of Value of Amplitude of llnrmouIoH in 
Maximum Amplitude, 


maaes. 

Maximum 

Amplitude. 

1. 

2. 

8. 

4. 

6 

8. 

V. 

10. 

12. 

j 

1 

81*8 

60 

21-2 


4’26 

1-8 

I'O 


0'()6 

0*l!i 

2 

68-6 

— 

42 4 

— 

8-60 

8-60 

2-0 


1'80 

O'llO 

8 

82 6 

— 

— 

20*7 

— 

4-76 

_ 

2-1 

- 

1-in 

4 

90-4 

— 

— 

— 

12 


2'H6 

— 

... 

i*2n 

6 

95-6 

— 

— 

— 

— 

6*6 

_ 

— 

- 

l*3fi 

12 

98-9 

— 

— 

— 

_ 

_ 

_ 



1'4() 

18 

99-6 


— 

“ 

— 

— 

— 


— 



These values are calculated from the amplitudes given on 
page 23, but it should be noted in passing that it is not reason¬ 
able to expect the percentages given to sum numerically to 
100 per cent, seeing that in certain cases the harmonics oppose 
each other at the point of maximum amplitude; but the table 
has been included to show that on rectified circuits supplied, for 
instance, from a 50 cycle supply, a very considerable proportion 
of the amplitude may be contributed by currents of frequencies 
of over a 100 cycles per second. For example, in the case of 
the tri-phase circuit 20 per oent. of the amplitude is contributed 
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by a 160 cycle harmonic and thus unless the measuring instru¬ 
ments employed are free from frequency error, inaccurate 
deductions may be made from the indications of such instru¬ 
ments. This is well known in the case of moving iron meters, 
and to a lesser degree in d 3 rQamometer instruments, but there 
is little information as to the behaviour of moving coil meters 
on high frequency supplies, and it is believed that up to the 
present the point has not arisen. 

If accurate measurements are to be made recourse must be 
had either to the silver or copper voltameter, or better still the 
electrometer. 

Effect of Harmonics.—Before proceeding to discuss 
methods of analysis it is well for the reader to understand 



Fig. 8.—Effect of constant term Eig. 4.—Wave form vvith fundamental 

on 'wave form. and odd liarmonios. 

quite clearly the effect of various harmonics on the wave form. 
For instance, the inclusion of a constant term in the expres¬ 
sion for the wave form ensures that the whole curve is moved 
up from the alxis of 6 and parallel to it, as shown in Fig. 3, and 

further the value of the value of the constant term, is seen 

to be the mean value of the curve between the limits of one 
complete cycle, and thus is a measure of the area under the 
curve; this is the case whatever the shape of the curve, pro¬ 
vided that it is periodic and fulfils the requirements of Four¬ 
ier’s Theorem. It immediately follows as a corollary that the 
condition of rectification is the inclusion in the expression for 
the wave form of a constant term, the mean value of the recti¬ 
fied current equalling that term. 
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In most forms of alternating current work, tlu> i-iirr*'nt 
or voltage wave consists of a fundamental and odd l«anmjni«*s 
only, such as is depicted in Eig. 4, where it iw seen tliat the 
loops are symmetrical about tho vortical lino tlirough tin* }>oint 
of half-cycle. If even harmonics are present tl»<‘ lotjpH are iit»t 
symmetrical about this line; and this is thn eaH(* which nmm 
usually obtains in rectified wave forniH (hog page 11 ). 

Fourier’s Series.—The basis of the majority of tho inothoilN 
used in harmonic analysis is Fourier's Theonnu whieh in ofTont 
states that a function <p(6) which is of a periodic nature may 
under certain conditions be represonted by a Berios oonaisting 
of the sum of a given number of terms (in Home cohgb any 
number up to infinity) of a fundamental sine and oosine wave, - 
with the sine and oosine terms of multiple angles. 

Analytically this may be expressed as follows:— 

y = =» -g® + «! COB y- + flCg cos + . . . 

-I- hi sin -y- + Oj sm -y- + . . . 


27r 


where — is the time of a complete oscillation. 


a„ 

2 


is omploytiil 


for the constant term for the reason that when n is put equal 
to zero in the generalised expression for an, tho constant term 
results and thus avoids confusion. When, how<’vcr, the infinilr 
series is employed to represent an electrical wave form, flu* 
expression 


lo + Ti sin <9 + I'a sin 2^ + . . . + . 

+ r\ cos d + r'iOOB 29 -i- ... + r'n cos + . . . 
is used, as being more convenient. 

In the former expression, which is quite general in its appli¬ 
cation, provided that is finite and continuous, and if dis¬ 


continuous has only finite discontinuities, ^ is a constant term, 

and Oj, &j, etc., to bn are the maximum values or amplitudes 
of the fundamental and the various harmonics, which it it re¬ 
quired to ascertain, 
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First integrate both sides of the equation between the limits 
of 0 and \ whence 

2 




since all the other terms vanish in accordance with the following 
condition ;— 


cos —ad = 81 

I A, Jo 


‘limO j a 

am —r —dd 


0 . 


It will be sufficient if the values of and are ascertained 
as the other terijas can as a rule jje obtained by putting w = 1, 
2, 3, etc., in succession; and hence if both sides of the equation 

are multiplied by cos and sin respectively, and inte¬ 
grated between the same limits as above, 

^nO 

Ohn 


and 


K 




2f\ 

X 


cos 


sin 


X 


dd 

dd, 


because definite integrals of the form 

27r^ . ^ird 


i: 


cos Sin q —:—dd 

0 Ai A* 

equate to zero, if p and q are integers of differing numerical 
values. 

This method can therefore be used to determine each 
barmonic irrespectively of its neighbours, provided that the 
quantities 

, 2 - 7171 ^ , ,. 2’n7id 

(j}(d) cos -^r— and ^{d) sin —— 


are known and their integrals can be evaluated, but a large 
number of products are involved in such an analysis, and unless 
some methods of simplification are employed the complete cal¬ 
culations are laborious. 

Analysis using Fourier’s Series—The first application of 
Fourier’s analysis will be to the determination of the amplitudes 
of the various harmonics in a single-phase wave form, as shown 
in Fig. 6. 


2 
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It is now only necessary to give n the values 1 , 2 and 3, etc., 
to arrive at the amplitudes of the various harmonics, but it is 
important to note that 

; sin TT 0 
“ 7r(l - 1) “ 0 ’ 

so by applying the usual procedure and differentiating both 
numerator and denominator the correct value of \ is found to 
be 

The final expression for this wave form is therefore 

1 2 2 
?/ = - + ^ sin ^ - — 5 — cos 26 - cos 4^ - . . . (2) 

TT 1.0. TT d.O.TT ^ 

= 0'32 + 0’6 sin 6 - 0'22 cos 26 - 0'042 cos 46 - ... 
To obtain the expression for the biphase wave (Fig. 6 ) 



it is necessary to replace (tt + 6) for 6 in the above equation 
( 2 ), whence 


y “ 




and by adding equations (2) and (3) 


( 3 ) 


00 

1 - 22 


^ ^ a 

COS'* -TT- cos nd 


n® - 1 


( 4 ) 


is obtained for the equation of a biphase wave. Thus it will be 
apparent that in this wave formation the fundamental is absent 
and only even harmonics are present. 

Polyphase Wave Form,—^It is interesting to investigate 
the general case of a multiphase system, and in Fig, 7 circuit 
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conditions are given for a hexaphase supply, the method being 
of general application. The wave form of such a supply is 
shown in Fig. 8, and if there are m phases there will be in com¬ 
plete loops in one cycle or 27r electrical degrees, the crest of the 
loop strictly following the sinusoidal curvature. The equation 
to the generating curve A is in this case 

y = cos d. 

3-PHASE 
Supply 


rectifiers 

^LOAD 

PiQ. 7.—Hexaphase oircuit. 




8.—Polyphase wave form. 


It is shown in treatises on Fourier’s Series that the ampli¬ 
tudes of the nth harmonics between limits other than ± tt can 
be obtained as follows:— 

Assume the series to be 

A^) = + fli cos {irOJo) + ag cos ( 27 rtf/o) + . . . oo 

+ 6j sin (-TT^/c) + Jg sin ( 27 r 0 jc) + . . . oo 




'I 


Then 
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On = ^ j fiO) cos 

h. = sin {^)de 

an “ AS) 008 (^^de 

b, ~ J|^/(«) sin (^d6. 

In this case c = trim and = ivmOf whence 
+ — 

= 1 ”* COB ^ cos {imff)d9 


2 m sin — cos twt 
m 


Further 


7r(l - n^rn?) 


TT&n ^ 

m ^ J__£ 


cos 6 sin {'nmd)dB = 0. 


The general equation of the wave form is therefore 

TT • TT 

2 m sin — cos md 2m sin — cos 2m^ 
m . IT m m 

— sin — — j. + - oa !!\ + ... CO (6) 

TT m 7r(l - mr) 7r(l - 2®m®) ^ 

w . ttPi , cos Twr cos 7m6~\ 


cos Twr 

- sin - 1 + 22 

TT mL ^ 1 — 


and all the sine terms are absent (this statement requires 
modification where m « 1, the single phase wave form con¬ 
sidered above). 

If it is desired to reproduce the wave form to a different set 
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of co-ordinates, as shown in Fig. 9, where the discontinuity in 
the curve occurs in the vertical axis, it is necessary to substitute 
{6 - ir/m) for d in equation (7) which then becomes 

m . ttF- 2 cos md 2 cos 1 

TT mL - 1 - 1 J 

= - sm - 1 -H 2 ... (0) 

TT mL ' ' 

in which form it is more convenient. In future, and in the 
table below, this equation will be used. 

It is interesting to apply a check to this result, and to this 
end an mfinite series of the form 


m TT (- !)« 

- cosec - = 1 + 2T/ i 
TT m 


is employed. 



0 e 

I*rG. 9. —Polyphase wave form. 

If the mid-point of the oscillations is considered, i.e. tho 
point represented by 0 = w/m, the amplitudes of the harraonics 
all have a maximum value, and hence equation (9) equals unity, 
which is the peak value of the wave. 

If m is given the values 2, 3, or 4, etc., to represent the 
numbers of the phases or loops per cycle, the following wave 
forms are obtained •— 

m — 2 (Biphase) Fig. 10. 

^ _ 4 cos 2d 4 cos 4d 
TT 7r(1.3) ~ 7r(3.6) " ■ ■ ■ 
w = 3 (Triphase) Fig. 11. 

_ 8^3 cos 3d _ 3^ cos 6d _ 

27r 7r(2.4) 7r(6.7) • • • ® 
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4 (Quarter phase) Fig. 12. 

2^2 _ 4x^/2 cos 4^ _ 4xy2 cos 8^ 


7r(3.6) 


7r(7.9) 



Fia. 10. 



6 (Hexapbase) Fig. 13. 

3 6 COB 6 ^ 6 cos 12^ 






24 ALTEENATING CUEEBNT EEOTIFICATION 


m = 18 (Eighteen phase). 

n 2 COB 18^ 2 cos 360 

0'999[l - 17 19 “ 35 37 “ • • * 

With regard to the mean square value of the wave this will 
be equal to 

-'a'- 4 a-■.«.] 


(see page 71). 

To sum the series 


2a- 


(1 - 



Fig. 18 . 


two infinite series are employed, viz., 


,r»co8eoV« = g,+ 22(^, 
Whence putting 0 = l[m 

'S) 1 / TT 7r\^ TT , 

2 d\3i ™ (n COSSC “") “I" COil 

1 (1 - n^7n?y \Qm mJ 4m 


and therefore 


TT TT 1 

p- cot- 

\m m 2 


(orj l,m. 27 r 
s + T" sin —. 
2 47r m 


This result could also have been obtained directly by evalu- 
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The actual wave forms to scale are indicated in Pig. 14, and 
show how the form factor is improved by increasing the number 
of phases. 

Prom the above analysis, Table III can be prepared. 

Special Wave Forms.—In some forma of rectifier, such, for 
instance, as the vibrating reed or neon tube, the voltage rises to 



0 20 40 60 80 100 120 140 160 180 


Electrical degrees. 

’ Fig. 14.—^Polyphaae wave fonns. 



Fig. 16.—Truncated, single-phase wave form. 


a certain value before the current flows, and the current is cut 
off before the voltage has fallen to zero. Such an oscillation 
will take the form of Pig. 15, where the form of the generating 
curve is 

y = sin 6. 
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From Fourier’s Series the amplitudes of the wth harmonics 


are 

1 fr-p 

""" " 7rJ„ 

and 

= r 

whence 



an = 
and 


coBW7r{co8 /9 cos n^-¥n sin ^ sin n^} + cos a cos no, + n sin a sin na 

7r(l - 


, cos mr{n sin ^ cos - cos ^ sin n^} + cos a sin na-n sin a cos na 

7r(l-W*) 


from which 


cos a + COB yQ 
27r 


Also, by differentiating the numerator and denominator of an 
and bn and putting n = 1 


sin® - sin® a 
27r 


and 


, sin a cos o + sin 5 cos ^ ^ a - /3 + n- 
2-7r. "• 


The complete expression for the wave form then becomes 

cos a + COB B sin a cos a + sin i9 cos B - a - B + n- . - 

y -2,r' 

sm®/8 - sin® a 


27r 


cos 6 


cos nTTfcos B cos nB + w sin sin nB\ + cosji cos na + n sin a cos na 

X COS?l^ 


-2 


5 cos W7r{w sin B cos nB - cos B sin nB} + cos a sin na-n sin a cos na 


Tr(n^ - 1 ) 


X sinn^ . (10) 
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The biphase wave form, as shown in Fig. 10, is obtained by 
replacing (jrr + d) for 0 in equation (10), and adding tlio result so 
obtained to equation (10). Thus 
cos o + cos ifi 
^ “ 2 ,r 

^ cos/9 cos wyS + wsin yS sin n^+ cos a cos fia+ 7i sin a s in na 

X (1 + cos » 7 r) cos 

w sin yS cos wy8 - cos /3 sin njS + cos a sin mi - 7^ sin a cos na 
2 n-(n^ - 1 ) 

X (1 + cob^tt) sin 77-^ . . . (11) 

If a = yS, i.a the point of cut-off is equal to the point of out- 


4 ' '' / 

[/1 '1/ 'j 

0 a y3 TT a y0 Ztt 

Fio. 16.—Truncated, biphase, wave form. 

in, or the current wave is symmetrical, the following relation¬ 
ships obtain;— 

Single Phase (Fig. 16). 
cos a sin 2a - 2a -f- TT . « 


I cos a cos na + n sm a sm na 

' Tr{n^ - 1 ) 

n sin a cos na — cos a sin tu^ 


f ir{n\ - 1) 

and the fundam^tal coane term disappears. 
Biphase (Fig. 18). ; ' ^ 

'I f l 

2 cos a „ oos a ddSTik V 7i sin a sin Tia 


(1 + cos titt) oos n0 


(oos rnr - 1) sin nB . (12) 


„cos a dds ^ V 7i sin a sin Tia 

/ ' (l + cos7wr) oos 71^ (18) 
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and both fundamental terms vanish as well as all of the sine 
terms. 

In arriving at these funotions a knowledge of the summation 
of certain series is manifestly important, and some of the more 
useful ones are given at the end of this chapter. 

In all forms of periodic function, the fundamental analysis 
will give an accurate value for the Fourier coefficients, but it is 
often impracticable to apply it, and other methods have to be 
employed. Some of these alternatives are given in Chapters II 
and III but the Fourier analysis has the advantage that the 
phase difference between the various harmonics can be taken into 
consideration at the same time. 

Modulator Circuit.—One of the special wave forms of 
yJ interest in wireless circuits is that of the distortion due to 
modulation; or the distortion due to the transformation of 
mechanical into electrical energy, as for example in the case of 
a telephone diaphragm. 

In this instance the modulator has a steady resistance B, 
and on this resistance is impressed an alternating resistance 
which is here assumed to have the value r cos 0 due to the 
mechanical vibration; then the characteristic equation is 

e 

1 aa 

it + r COS 0. 

T 

Let ^ as r is always less than B, h is less than 

unity, thus 

. 6 iB 1 

^ “ i2(l + A COS ^ ^ " V " 1 + A: COS 6' 

The Fourier coefficients are then 


and 


1 cos nddd 

” ttJ 1 + h COB 6 

, 1 sin n6dQ 

" “ 1 + "A: cos 9 
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Performing the integration for it is found that 
2(- 1)« fi - 

” v'l - ^ 

q ^ 1 

2 “ x/l - 

The series is therefore 

m 1 ^ - ir ri - 

fl “ n/1 - A:® ^in/1 - A:H A: / 


COB nd 


and indicates the presence of pronounced harmonics. 

This particular modulated function is of a simple type, and 
will not often be met in practice, but the example has been 
included to show the relatively large percentage amplitudes 
that may occur with various values of h. 

Analysis of Various Wave Forms.—At this point it may 
be of interest to consider the analyses and equations of some 
of the types of wave form met with in rectifier circuits. Curves 
have been chosen which lend themselves to expression by a 
trigonometrical series as these types indicate more readily the 
way in which the problems can be treated. 

(1) Triangular Wave. General Case. 



Fig. 17a. 


The ordinary triangular wave form of the Class IV. type can 
be expressed generally when the peak is situated a degrees from 
the origin by 

^ “ ws mr, „ , 

“ airiir - a)^ {tt COS Tia - tt + 2a} COS nd 

, ^ - QOS Twr . 

+ „> Bmna8mn<> 

which reduces to the expression bebw when a 'rr/^ (Fig. 18). 
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If the equation is expanded it can be written 

^( 7 ^'^^)|^cos(a-^) + ^cos(3a--3^) + ^oo8 (6a-5^)-f . . . oo J 

2(7r - 2a)ir ,1 OZ) . 1 r/J . 1 

- -^"-7 - -A cos ^ + oi cos 3^ + Pa cos 50+ . . . oo 

a7r(7r - a) L 3^ 0* J 


whence 


J. - 2a7r + 2 a^) 

2iaH7r - a? * 


* \ 24a‘'‘(7r - af ' 

The expression for the mean value introduces some interest¬ 
ing series, and is calculated from equation (1) page 09. 
v»- 4J ^ sin na 4('ir - 2a) 

^ ■*^'^0 a7r(7r - a)n® a'7r^(7r - a)^»“ 

n being odd. 

If a = IT 12 then {Im)1 *= but if not then the term 
4(7r - 2a) 
a'7r\'ir - a)^n^ 

is not zero, and the series 

2 ^. ■ 

is not summable. Euler has found a value for it of 1*2020669 
. . . and therefore 

(In)’ X 1-2020669. 

» 2 air^tr - a) 

(2) Triangular Wave (Single Phase, Begular). 



Fig. 176. 


' a ft 

I 2X * * cos 2 ““ (I "1“ cos titt) 




AT CO 

"^1 


COS nO 


. titt 

““T 


sin nO 


■ii! 
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Form Factor = 

(3) Tria 7 igula/r Wave (Biphase, Regular). 



Fid. 18. 


i = ^jsin ^ ^ " fg 

j: _ 5fii + L + L+ U X 

^ ■"V 2 ’ttH ^ 3*^6^^ ■ * -j ^3 

- 8 2J r i 1 _ 1 


“ ^TT* • 32 “ 2‘ 

2 

Form Factor »» 

s/o 

(4) Bectangular Wave (Single Phase). 


Fio. 19. 

^ = J + — j sin ^ + 5 sin 3^ + ~ sin 6^ + . 
2 TT L o 0 




Form !0*ac6cEi: «= -7=. 

' ^ t 2 
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- 666 /. 

Form Factor - 1. 

(7) Trapezoid. 



Fia. 22. 


i = e - ig Bin 60 + ^ sin 70 . . .} 

'» ‘71/ 

(Im); - - 666 /. 

Form Factor »=» 1'06. 

8 
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(8) Semicircular Wave. 



i = sin ird - sin sin Stt^ “ • • •) 

= /{O 566 sin "rrO + 0'094 sin Sird + 0‘042 sin BirO . . .} 
where Ji (6) is a Bessel function of the first order. 

= 0-816/ 

(ImTo = 0 ’ 780 /. 

Form Factor = 1-04. 


(9) Single-Phase Bechfied Sine Wave. 
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(10) Biphase and Polyphase Bectified Sine Waves. 



This biphase cnrve, as it is called (Fig. 26 a), can be obtained 
by shifting the carve in Fig. 24 through 180° and adding, 
whence 

* “ - O ^ COB ^ cos 69 - . . .} 

V 2 


J 2/ 

-*Jlf = -. 

TT 


TT 




Form Factor 

This equation may be generalised in the form 

• =a cos 2 ?i^ ) 

^ Itt 7r'^(2w - 1)(2 to + 1)1* 

The polyphase wave form has been considered above, and 
it is quoted here merely for ease in reference. 


ml . ttP- cos nm6 1 

^ = — Bin — 1 + 2^ a J 
TT ml I - n^m^A 

71—1 

g. /I ‘ W . 27r 

” A/o + 1 - — 

\ 2 47r w 


T m . TT 
Im = ~ Bin —. 
TT m 


Form Factor 


VI 


m 2'7r 

+ 7 — sin — 
47r m 

m . TT 
— Bin — 

TT m 
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A number'of various curves are given in the generalised 
form in Wmkelman’s “ Handbuch der Physik,” Band 2, p. 33, 
and are reproduced here for reference :— 

(11) Parabola (Single phase) 
which may be written 

i = 10^ = — 4 cos 0 + COB 20 — ~ cos 3^ + . . . j" 

T 

Im 3 . 

Borm factor = ^^2. 

Vanous curves including powers of 6 lend themselves to 
simple treatment, as for instance— 

. J9^ ird , TT^l cos 


(12) Flattened Sine Wave (Single Phase). 


sin mO 


0 CC TT-a TT 


Ztt Zvr+a arr+oc Stt 


Fia. 26 . 


2(1 cos a) + (tt - 2a) sin a sin a cos a + a . - 

^ 27 r + ^ sin ^ 


1 1 4- cos WTT /- 

^-4 _ 1 \1 - cosa 

_ _1'^1 - cosTOTT fsin a cos 
TT ^ - 1 t n 


« si^ “ sm Tia'I 
cos ?ta - ^ j. cos 710 


cos na 


- cos a sin na sin n0. 
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« /If n sin Sal 

” V ^ 2a + TT Bin- a - — 2 — f- 

Im = “ 2a) sin a + 2(1 - cos a)| 

^JOi'n-la cos 2a + tt sin^ a - 
Form Factor - ^ ^ 2 / 

(tt - 2a) sin a + 2 (1 - cos a) 

Flattened Sine Wave (Biphase). 


u oc n-oc TT TT+a Itt-cc Ztt Ztt+cc Ztt-cc Stt 

Fig. 27. 

^ 2(1 - cos a) + (tt - 2a) sin a 

TT 

— ^ Ji “ sin wa) - 

7J- ® ^ ---J COB?l^. 

^ = '\/~{a COS 2a + TT sin® a - 

-Titf “ ^|(7r - 2a) sin a + 2(1 - cos a)| • 

T. J'JT (a QOB 2a + 'jT sin® a - 

Form Factor = ' t 2 J 

(tt - 2a) sin a + 2(1 - cos a) ' 

(13) Trimcated Sim Wave Form (Single Phase). 



Fig. 28. 


Fig. 29. 
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cosa+cosjS Binacosa + sin^cos/?-a-/9-f7r . •" 4 

- + o sjn — £7 t,oh cr 

2'7r 27r ‘Ztt 

^ cos mr (cos ^ cos n^+n sin ^ sin n^) + cos a cos na + w sin a sin na 

2 ■' 

2 _ 

^cos mrin sin yS cos wyQ - cos ^ sin ?j/8) + cos a sm na — n sin a cos na 
2 ^(^^-1) emwc'.,^ 

J' — - yS - a + sin y8 cos y0 + sin a cos a) 

Im = 

Form factor = - a + sin /3 cos /9 + aln o'eos a) 

cos a + COB yS 

Truncated Sine Wave Form (Biphase). 

^ . 

cos a + cos B * 

2' = 2,r , 

“ cosyScoswyS + wsin^QsinnyS + cosacosm + wsinasinna,^ ^ ^ 1 

2 7r(n'' -1) n7r)coB J 

* . . . ^ 
^wsin^CQsw^ - cosySsinroyQ + cosasinTWi—TOsinacoBWfjt - . ,* 2 

2 Tr(7t^ - 1) ^w^sin lid . 

^ ^ ^ - a + sm ^ cos yS + sin a cos a) 

^ oos a + cos B I 

i 

, ^ -- ^ 

W^(7r - ^ - a + sin ^ COS yS + sin a cos a) :, 


Form factor 


cos a + COB B 


Trigonometrical Summations.—In the analyses of wave¬ 
forms the summation of various series is inevitable, and a few 
of the more common are given below for reference :— 
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+ + p + 


TT^ - 8 
16 


1 + 24 + 34 + 44 + • • * “ 90 

- 1 1 77 ^ 

l + 3a+5a+--*°°“-8 

, 11 tt" 

^ 3^ 6^ 96 

l_i + i_^ + ._co=J. 

o 0 7 4 

The general equation to some of these series is given by 


, „ 2 .( 2 »i)l /•- ,1 1 1 'I 

and xjjh ^ gam 4 am • • ‘j 

In the following table Em represents the wth Bernouilli 
number, and the even values of 8n, Euler’s number. The odd 
values of 8n are called “prepared Bemouillian’’ numbers, and 
are obtained as follows;— 

2^X2^ - l)p 

There is a certain amount of confusion in some text-books 
as to which of the suffixes n, 2w or 27^ - 1 should be used. In 
this case the practice has been followed of using the suffix n 
only, excepting only the case above of calculating the prepared 
Bernouillians. 

JBef. —Crystal’s “ Algebra," Part II., pp. 291, 842 and 868; Edward’s “ Oalo.,’’ 

p. 602. 

81 =* 1 Ej “> •j- 

^2 == 1 -B 3 ■= 

Sj = 2 -Bs “ A 

S 4 •= 6 E^ = ^ 

8, - 16 E, - 

Sg “*61 Bj “» 

8j - 272 By - 


lyi + l 


40 ALTEBNATING CUBBENT BECTIFICATION 


^ cos rm COB ^ 
Z n ^-1 

^ cos W7r(7i sin nff) 

Z - 1 


^ cos nd 
Z 71/^ - 1 


n sin nd 

Z - 1 


nnr „ 
cos cos nd 

- 1 


cos 2d cos 3d 
1.3 2.4 ■ 

^ i cos d - id sin d 
2 sin 2d _ S sin 3^ 

1.3 ~ 2.4 ■ 

id cos ^ ^ sin ^ 

cos 2d cos 3d 


CO 


00 


"1.3 


2.4 


+ . 


00 


= i + i cos 0 - •Jtt sin 0 + id sin d 
2 sin 2d 3 sin 3d 
1.3 2.4 + ■ • ■ 

= iTT cos ^ i sin 0 cos d 


cos 29 cos 4^ 
+ 


1.3 

i - ^ cos d 


3.5 


00 


• /IN 

00 COS -^(n Bin nd) 

?■ n‘-l 


. mr . . 

00 Bin -TT Bin nJd 
^ 2 

-f -1 


2 sin 2^ 4 sin 4^ 

1.3 3.5 “ • • • 

- ^ sin 6 
4 


sin 3^ . sin 5^ 

2.4 "iX" " • • • 
i sin 0 - id COS d 


. mr. 

00 Bin -c^(n COS nd) 
- 1 


_ 3 COS 39 5 COS 59 

2.4 4.6 

= - ^ COS ^ sin d. 


. . 00 
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CHAPTEE n. 


HAEMONIG ANALYSIS (coni.). 


Classes of Function.—There are many methods of harmonic 
analysis available, some of which are accurate in the determina¬ 
tion of the Fourier coefficients, but which are lengthy and 
cumbersome in operation. 

As some of these methods are applicable only to particular 
forms of periodic function it is important to obtain a clear 
perception of these various types, which are bound up with a 
greater or less amount of symmetry of profile. 

Class I. Asymmetric (Fig. 30).—The general expression 
for this function is 


y =» -^ + Oi cos 0 +a 2 cos + 


. . CO 4 sin ^ -f- sin 2^ -f . . . oo. 



Fig. 80.—Glass I. Funotiou. 


Class II. Sine Harmonic (Fig. 31).—The expression in this 
case is 

2 / = sin ^ 4- &2 sin 2^ 4- . . . oo. 



Fig. 81.—Olass U. Fuucsbion. 

This periodic function is characterised by the fact that it is 
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possible to choose the origin so that f{6) =-/{-&) and it is thus 
an. odd function. 

Class ni. Cosine Harmonic (Fig. 32).—The expression is 

y = ^ + ai COB 6 + COB 26 + . . . oo. 



iPiG. 32.—Glass III. Punotion. 

Here it is possible to choose the origin so that 

m 6) 

and it is thus an even function. 

Class IV. Odd Harmonic (Fig. 33).—The expression is 

y => % cos ^ + ^3 COB 3^ + . . . 00 + sin ^ + &3 sin 3^ + ... oo • 



Fia. 83.—Glass IV. Function. 


In this case wherever the origin is situated 
/(tt + (9) « -/(^). 

Class V. Symmetric (Fig. 34).—The wave form is 
expressed by 

Odd function y = sin ^ + &3 sin 3^ + . . . oo . 

Even function y — Ox cos 9 + cos 3^ + . . . co. 



Fig. 84.—Glass V. Function. 


Ajs each quarter period of this type of function is identical, 
it represents the highest form of symmetry possible. 

It is important to recognise the differences between these 
five classes, as in electrical engineering practice it is rare to 
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encounter any forms beyond those of Classes IV. or V., and the 
introduction of the other three types produces some interesting 
problems in modern engineering. 

Harmonic Analysis. —There are two types of analysis each 
of which has its practical application. In the first case, which 
is more theoretical in application, the wave form is of some 
known symmetrical shape, such as is shown in Figs. 31 to 34, 
and the first two methods of analysis result in the determin¬ 
ation of Fonrier coefficients of absolute accuracy, although it 
must be borne in mind that it is not always possible to analyse 
functions by these methods. 

If the geometrical shape is not known, or is of too com¬ 
plicated a profile, methods of approximation have to be employed, 
and such cases constitute the second type of analysis. 

Rigid Analysis. —The fundamental method has been em¬ 
ployed on pages 16 to 19, but is applicable in relatively few 
cases, as it is rarely possible to evaluate the integral 

%T7\B nn 

Russell’s Method. —A useful method of analysis of waves 
containing odd harmonics only, i.e. Classes IV. and V., is 
due to Dr. A. Eussell, and is described fully in his book on 
“ Alternating Currents.” It depends on the summation of 
two trigonometrical series, and as the method is of considerable 
importance, a brief description will be given. 

Let Cl and denote the two series 

c cos ^ ^ cos 3^ -I- ^ cos 6^ - ... 

and , c sin ^ - X- sin 3^ + V sin 5^ - . . . 

o 5 

respectively. 

Then 

0, + - ce* - I««» + - ... 

" tan“^c6^ = tan“Mc cos 6 + <^ sin 0} 
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Equating real and imaginary parts by the method employed 
in any standard work on Trigonometry, 


_ , . _,2c cos 6 

(71 = i tan 1 ^ _ ^ 2 . 


Further let 

Cl^ 

(72 = ft cos ^ + g- cos 3^ + ^ cos 6^ + . . . 

and iS '2 = ft sin ^ + g- sin 3^ + ^ sin 5^ + ... 

whence 

Cl^ 

jGi + jSa = (ja coa6 + a sin ^ O' cos + sin 3^) + . . . 
= jXae-^ + + . . .) 


= jae—^^ 

= tan~^ (ja cos d + a sin d) 


and as before 


« , . , 2a sm ^ 

/Sg =« 4 tau”^ - , . 

1 - a* 


E now c = a = 1, 


(7i => i tan (± 00 ) 
and jSj = i tan (+ 00 ) 


or in other words, 


cos ^ ^ cos 3^ + f cos 5^ - . . 



for the period {2n - i)7r to (2n + i)7r and - j for the period 

(2n + :J)7r to (271 + f)7r, and also 

sin ^ + J sin 3^ + J sin 5^ + . . . «= + - 

4 

for the period 27i7r to (27i + 1)77 and — ^ for the period 
(27® + l)7r to (271 + 2 ) 7 r. 

It is important also to note that the cosine series is true for 
all values of but the sme series is only true for values of not 
equal to nir. 
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Now Fourier’s Theorem may be applied to this result and 
the equation for the various amplitudes may be written 



It has been shown that the expression in the brackets may be 
equated to ± ^ oii the imposition of various limits, which for the 
cosine series will be 

+ ^ when = 0 to (2w + ^)7r 

- ~ when “ (2n + ■J)'7r to (Sw + ^)7r 

+ “ when = (2n + f)7r to 27r 

and if n is put equal to zero 

a - + - ... - jUme + Uwdffj 

and similarly 

These two equations, however, do not permit of the calcula¬ 
tion of all the amplitudes, but they may be generalised by the 
inclusion of a factor m which will furnish the requisite number 
of equations desired, by giving m the values 1, 2, 8, etc., in 
succession. The final equations are therefore as follows:— 
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and 
bm + 


■>ZTn 




+ 


_ C r\l 2 m fA/m rSKl2m 

Take as an example the rectangular wave in Fig. 35. 


♦ 

+1 

I 


-1 


Fig. 86.—Analysis of reofcangular wave form. 

Firstly, <f>{d) = + 1 for ^ = 0 to ~ and m = 1 


- 1 for ^ ^ to X, 


and <j>(d) = 

whence - . . . = 0, 

and thus all the cosine terms are absent, as etc., are severally 
equal to zero. 

Also + J6a + iSfi + • • • = |- 

Further, putting m = S 


h + -L ^ =3 E 




TT 

10 ’ 


Putting m => 5 
and so on. 

Finally, the values of the amplitudes may be tabulated as 
follows:— 

h + ii> + V>,+ . =1 


^3 ■!" + T&15 + 

\ + i&i 6 + 
bj + 

biB + 


TT 

' 6 
TT 
10 
TT 

ii 

TT 

80' 
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The results obtained from these simultaneous equations will 
give an approximation to the wave form; by taking only fifteen 
ordinates the error in bi is about 1 per cent., increasing to 20 per 
cent for the higher harmonics. 

This method is one of some accuracy compared with many 
others, but it involves the solution of as many simultaneous 
equations as there are amplitudes: a somewhat laborious 
process ; nevertheless if accurate results are required, especially 
in the case of a series of infinite terms, this method is the best, 
if it is impossible to make use of Fourier’s generalised method, 
an example of which will be given later. 

It will be observed that the equations depend on the 
summation of a series of the form 

sin ^ J sin 3^ + ■!■ sin 6^ + . . . 

and it might be thought that this method could be applied to 
a Fourier’s series containing even harmonics. Such a series 
would take the form 

sin 0 + fic^) sin 20 + /(o®) sin 3^ + . . . 

c 

where/(c) is some function of the form ^ or etc. Such a series 

can be found in a convenient form for the summation of the 
sines, but not of the cosines and a different method has to be 
employed. 

It may be remarked in passing that the form of the 
rectangular wave could have been predicted by the use of the 
above series, as follows:— 

From 0 to TT the value of the ordinate is + 1 and henoe^— 

= +1 " IX I 

= - tan“^(oo) 

TT 

4 

« - (sin ^ ^ sin 3^ + i sin 6^ + • ■ .)! 

from TT to 27r the value is - 1 

4 4 

or <j>(6) « - l«a - tan” Hoc) as before. 

' 4 TT TT 
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This is mentioned because in many cases a careful considera¬ 
tion of various trigonometrical series will result in a solution by 
inspection and much labour will be saved. 

Weddle’s Rule.—It will have been noted that the calculation 

of the constant term ^ involves the calculation of the moan 

ordinate of the curve, and thus the evaluation of the area under 
the curve. This may be conveniently accomplished by a rule 
named after its author, although any one of a number of 
similar methods could be used equally well vpith varying degrees 
of accuracy. 

Weddle’s rule states that if y^, etc., to y^ are ordinates 
of the curve 

y = m 

spaced equally apart, then 

^(e)dd 

J 0 

(or the area under the curve to the ordinate y^) may be written 
in the form of the following equation;— 

area y^ to y^ = ^[yo + ^2 + 2 /* + + j/a) + 6 ^ 3 ], 

The assumption underlying the theory of this rule is that 
the equation to the curve may be "written in the form 

y =^ao + a^e+ + . . . . . . 

and it can be proved that complete accuracy is obtained when n 
is not greater than 5; and if n is as gi'eat as 10 the inaccuracy 
will not exceed 1 per cent. 

Thus if a sine curve is to be integrated the accuracy with 
which it can be represented by the above equation determines 
the accuracy of the resulting calculations. 

Certain precautions should, however, be taken if the curve is 
discontinuous, such, for instance, as the case of a triangular 
wave, where the curve should be divided into two portions at 
the apex, and be considered as two distinct curves, and the 
area calculated independently for each. 

Method of Discontinuities.—A later development of 
Eouner’s analysis by the use of the Method of Discontinuities 
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has been described by Eagle, and will prove of great benefit to 
those engaged in the solution of rectifier problems. For a com¬ 
plete description of the theory of this method, reference should 
be made to the work published on the subject; but it is per¬ 
tinent to include a brief description. 

Assume a wave form as shown in Fig. 36, which possesses 
discontinuities at points whose abscissas are a, b, o, and d. It 
is apparent that if the wave form of the curve is 

y 

then at the point where 6 <= a, there is a discontinuity in the 
value of f{6), the magnitude of which (viz. the length AjA^) can 
be written symbolically 

f{a + o) - f(a - o) 

Y| 



I III I 

0 a b c d Q 

Fig. 86.—Generalised wave form. 


wher^(<z + o) an^a - o) represent the ordinates of the portion 
of the curve on the right and left of the point a respectively. 

Similarly at the point where ^ = 6 there is no discontinuity 
in the function, but one is found in the first differential; whence 
its value can be written 

f{h + 0) - /(& - 0). 

At point G there is only a discontinuity in the second deriva¬ 
tive, wherefore it may be expressed as 

f{o + 0) - f'{c - o) 

and at D it is 

f(d + o) - f{d - o) + f\d + o) - f{d - o). 

To enable the various amplitudes to be calculated the value 

4 
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of each discontinuity at the points a, h, c, and d is soparatoly 
multiplied by either sin na, cos ria, sin nh, cos nh, etc., rc^Hpi'ct- 
ively. If, therefore, 

la = /(a + o) - - o) 

Ta =/(a + o) -f{a - o) 

Ti => f'{d + o) /'{d — 6), etc., 

then it can be proved that 

1 1 , 
irctn “ “ si^ 

+ i Ur'a sin na + « cos na - . . . oo 

<n? n* 

and 

1 1 

Trhn =» - COS na - i^Ta sin na 

n 

- —^T'a COS na + sin ?ia + . . . co, 

n® n* 



Fiq, 87.—Flattened sine wave. 

As an example of the use of the method consider the Hattened 
sine wave form in Eig. 37. This curve takes the form ?/ — sin ^ 
from 0 to a, y = sm a from a to ir - a, and y ==• sin $ from 
TT - a to TT. 

The first point of note is that in this case there is no discon¬ 
tinuity m the function itself, and therefore 

X» “ 0. 

Considering the first derivative, the summation consists of 
that of the discontinmties represented by 
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[/( 5 ) -/(^)].=.ocos0 
[/W-/(-B)]fl».co8 na 
[/(L) -/(O)](,=.^_acos ni^r - a) 

[/W -/(■Z>)]fl = .rCOSW 7 r 

which may be written 

[cos ^ - 0]fl 0 =1 

[0 - cos &]t e a cos Tia =• - cos a cos na 

[cos 6 - 0]« „ „ _« cos w (tt - a) “ - cos a cos (mr - na) 

[0 - cos 0 ]g ■ V cos nir =» cos ntr. 

Hence 

^I'a. ‘cos na <= (1 + cos n 7 r)(l - cos a cos na). 
Similarly, 

sin wa “ sin a sin na{l + cos w-tt) 

^r'a cos = - (1 + cos n7r)(l - cos a cos na), oto. 
Therefore 

TT^n = + (1 + cos nTr )[(1 - cos a cos na)\ - - -4 • . . ocj 

ri 1 1 \ • 1 

1 + cos rnr (- sin a sin fui] 


1-71® 


- cos a 


cos na - 


Similarly it may be shown that 

T 1 - cos MTT f sin a cos na . I 

TTOn “ 1 - « i - cos a Bin na v. 

1 - n* [ n J 

Since putting 7j = 1 results in infinite values for On and bn, 

it is necessary to differentiate the numerator and denominator 

with respect to n from which it is found that ' 0,* and 

, sin a cos a + a 


2 ainOdO + (tt - 2 a) sin a 


2(1 - cos a) H- (tt - 2a) sin a 

277 

* Note ,—In this oonneotion it is partioularly important that the function be 
reduced to the indeterminate form ~ before difierentiatlng. 
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The complete expression for the wave form is thorofon* 

2(1 - cos a) -{• (tt - 2a) sin a , sin a cos a + a . 

I ^ ' + —-- sin a 

27r TT 

1 + COS nirf^ sin a sin na) „ 

-> 9 1 i 1 “ oos * cos na - i cos tiff 

TT^ ^-11 n I 


_ 1 - cos ?J7r/sin a cos 7ia 

TT^ 're* - 1 1 n 

2 


- cos a sin rea| sin nd. 


This wave form is an approximation to that obtained witli 
a thermionic rectifier working with a saturated filament, and 
if a is given the value of 30° 

y = 0'209 - 0T20 cos 20 - 0-061 cos 4:6 - 0*084 cos 65 - ... oo 
+ 0-307 sin 6 + 0-069 sin 30 + 0-007 sin 65 + . . . oo 

showing that in the practical case of a saturated rectifier the 
wave form consists of a sine fundamental, even cosine and odd 
sine harmonics. 




-TT-a- 


^ N 

TT 2Tr At 




■JT+OC 

I’xa. 88.—Flattened Bine wave, biphaeo. 


In the biphase case indicated in Pig. ,S8 by putting 
’ + 5 and addmg the two curves 

2(1 - cos a) + (tt - 2a) sin a 

TT 

') 




- cos a cos ^ oog 


n 


and it will be noted that all sme terms have vanished. 

This method of discontinuities has bean shown to be of 
considerable utility in solving certain Fourier's series which 
could not otherwise be obtained. The problem of evaluating 
the mtegral of such a form as 
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f{0) sin 710 dd 

IS reduced to that of the summation of a series, which can 
usually be more easily ascertained. In the case of an aperiodic 


Pm. 39.—Schedule iDnatating use o£ method of dificontinaities. 
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function, such for instance, as that containing a short power 
series, the method presents no difficulty and may in most cases 
be employed in place of the older one. 

To facilitate calculation it is convenient to propar(^ a 
schedule similar to that in Fig. 39, and the sole work then 
involved is that of filling in the requisite squares in order of 
sequence. To illustrate the use of the schedule, the analysis has 
been prepared for the single phase sine wave of Fig. 24. 

Approximate Analysis.—Considerable ingenuity has been 
expended on the several methods of approximate solutions to 
wave form analysis. Generally, it will be found worth the time 
spent if consideration is given to the particular class in which 
the periodic function falls, as it is usually the case that the 
analysis becomes progressively simpler from Class I. to V. 

Consider the general case of a Class I. function first. 

Wave Analysis for all Harmonics, First Ordinate Method. 
—^It is beheved that this method was first evolved by the late 
Prof. S. P. Thompson, and the fundamental theory which can 
be easily proved is (to quote his own words): “ the fact that if 

a series of 2?^ ordinates is measured at intervals apart of 

where n is the numeric representing the order of the harmonic, 
and if their values, taken alternatively, positively and negatively 
are averaged over a whole period, the mean so obtained is either 
simply the amplitude of that harmonic or else is the sum of 
the amplitudes, and of certain higher harmonics, viz. those the 
ordinal numeric of which is an odd multiple of n. For cosiiuj 
components the series of 2w ordinates must begin (or ond) at 
the beginning (or end) of the period. For sine components 

the series must begin at ^ from the beginning of the period.” 


sho^a be nnderstood that this is quite a general method 
which could be eqnally applied to the case given above, but it has 
the isadvantage of less accuracy where a series contains a large 
nnmber of ter™, and, moreover, becomes very laborious as 
wv increases. The analysis of a wave form 

which moludes harmonics down to the 11th or 16th will be 
accurate if suitable corrections are applied. 
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From the above, assuming Fourier’s series 

. 27r^ , AiirB , 

y = n + 0^1 COB -r -h CKg COS -^r- h C( 

n X X 


QttB 

+ 053 cos + 


j . xjfi V , I • 4t'ir0 7 • \j IIV , 

+ bi Bin + Og sin -^r—i- 63 sin -r— + . . . 

the values of the amplitudes a, h, etc., may be written down at 
once, and are here given for the constant term and for odd and 
even harmonics up to the seventh: the subscripts represent 
the angle in degrees at which the ordinate y is measured:— 

“ -nCZ/o " ya6-7l + 2/61*43 “ 2/77-14 + 2/loa-8fl “ 2/128*6(1 + 2/16.1*28“ Z/i«o 
+ 2/a06*71 ^ 2/231*43 + 2/267*14 “ 2/282*86 + 2/308*68 ” //sSi-la]* 

^7 TT[ 2 /ia* 8 ‘l “ 2 / 88 * 6 « + 2 / 64*28 “ 2/00 + 2 /ll 6 * 7 l “ ^ 141 * 13 + ^ 167*14 

“ 2 /i02*86 + 2 /ai 8*66 “ 2 / 244*28 + ^270 “ 2 /a 06*71 + 2 / 321*43 “ ^847*14]* 
®6 “ Tir[ 2 /o " 2/30 + 2/60 “ 2/00 + 2/120 “ 2/160 + 2/180 “ 2/210 + 2/240 
“ 2/270 + 2/300 “ 2/380]* 

^6 “ A[ 2 /i 8 “ 2/46 + Vn “ 2/108 + 2 /i 36 “ Vm + Z/ioe “ '^226 + 2 /an 6 

" 2/286 + 2/816 “ 2/340]* 

®6 “ tV[ 2 /o “ 2 / 36 + 2/72 “ 2/i08+ 2/144 “ 2/iB0 + 2 /ai 6 “ 2/282 + 2/288 “ 2/324]* 
^6 “ TTr[ 2 /i 8 ” 2 / 64 + 2/90“ 2 /m+ 2 /ioa“ 2 /i 9 a+ 2/234“ 2/270+2/306“ 2/342]• 
<*4 “ i[ 2 /o “ 2/45 + 2/90 “ 2/186 + ^180 “ Vm + 2/270 “ 2 / 3 in]* 

^4 “ i[2/aa*6 “ 2/o7-6 + 2/na*6 “ 2/i67*6 + 2/202*6 “ 2/847*6 + ^202*6 “ 2/83 t*61* 

^3 “ i^[2/o “ 2/60 + 2 /i90 “ 2/i80 + 2/340 “ 2/300]* 

^3 “ i[ 2/30 “ 2/90 + 2/18O “ ^210 + ^270 “ 2/380]* 

®2 “ ^[2/0 “ 2/00 + 2/18O “ 2/270] “ %* 

^2 = i[ 2/46 “ 2/136 + 2/325 “ 2 / 316 ] + K 
^1 “ 'i[2/o “ 2 / 180 ] “ C5g — oij — 

^1 ™ ^[2/90 “ 2/270] + ” ^6 + ^7* 

fl^O 

2 “ 2/0 “ “ ^2 “ ®3 “ ®4 “ ®6 “ ®6 “ ^ 7 * 

An example will make the use of the inetliod clear. Take 

the case of a single-phase recti- 

fied circuit as shown in Fig. 40, y \ ^/ 

where the wave is of sinusoidal / \ I I 

shape for the period 0 to tt, and q' \ \ 

no current flows from tt to 27 r. 1 i 

This case is then considered up ^0.—Slngie-phaae rectified 

to the 6th harmonic. waveform. 
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Billing in the valuee for y all the odd harmonics are ahaont 
except hi and 

= T ^(0 - 0-6 + 0-86 - 1*0 + 0‘86 - 0-5 + 0 ) « - 0 * 02 . 

^ 1(0 _ 0*707 + I'O - 0*707 + 0) = - 0*052, 

«2 “ i(- 1 ) + -0'23. 

di = 0 . 

6 j, 64 , and 6 j = 0 . 

61 = 0 * 6 . 

and I” - 0 - { - 0-23 - 0-052 - 0-02) = 0-302, 

and the wave form is represented by the equation 
y => 0*302 + 0*6 sin 6 - 0*23 cos 2^ - 0*052 cos 4:6 

[ - 0*02 cos m . . .]. 
If this result is compared with the rigid expression obtained 
on page 19, viz. 

« =1 -i + 1 sin ^ „ cos 2 ^ - \ cos 4^ - . . . co 

® ’JT 2 TT.l.d TT.O.O 

= 0*32 + 0*5 sin ^ - 0*22 cos W - 0*042 cos 46 - . 

it indicates at once that the ordmate method has no very great 

accuracy, where an infinite series is concerned, and where only 

six terms are considered ; a greater accuracy could be obtained 

by taking a larger number of terms, but the correction factor 

would become complicated and the method cumbersome. 

Second Ordinate Method.—In this method, which is de¬ 
scribed in some detail, it is assumed that it is possible accurately 
to measure in one complete period the length of equally 

spaced ordinates Yi Yg Y 4 . . . Y^j,, which are ^ degrees 

JP 

apart. 

Let the equation to the periodic function be 


f(0) = y = ^ + ai cos 6+ . . . + Op - 1 cos (jj -1)6 + ^ OOB p6 

+ j8i sin 6 + ...+ j8p ^ 1 sin (p - 1)6 
since sin p6 = sin mr = 0. 

TT 27r 

Put ^ 27r in succession in this equation, and add 

Jr 
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the results so obtained. Then it is known that 

^ ^TTiiq ^ . 27rnq ^ 
> cos -3. « 8112 - 1 ea Q 

ff-i ff-i 

wherefore 

CCq 1 


or 


2 “ 


TT 27r 

Further put 6 = —, etc., but also multiply by cos 


7i7r 


cos 


%1'ir 


P V 

cos and remember that 
P 

A ^irrnq 27mq „ 

2 cos-- cos- - « 0 

-J-i 




P 


0 


^ . 27rWM’ . 27rnq 

^ sin-^ Bin-^ 

^ p p 

V . 27r7;w7 27r'?W7 „ 

Bin - - cos-i ™ 0 

P P 


PI n 


whence 


but 


-i. -m 


^ 2 008 “ ^ Y, ooa 

5-1 5—1 


TTnq 


and therefore 




V 

C^fi ““ *(9 COS 




In the same way it can be shown that 

2P 




( 1 ) 


( 2 ) 


This result, however, does not load very far, unless it can be 
shown that on and bear some relation to the Fourier oo- 
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efficients. If the distance J between the successive ordinates is 
decreased until it becomes in the limit dd, then 
cos =» cos nd 

and 

whence 

- 2 ^2 

P = ooi7s^i JP 

and Lt on = 

p =* eo 

Equations (1) and (2) are eminently suited to the construc¬ 
tion of simple schedules, and to illustrate their use, the single 
phase triangular wave form of Eig. 176 is analysed. 

If the maximum ordinate is assumed to be 10 units, and 20 
ordinates are chosen per period, then p = 10, and 

Fo = 0. >1 =2, Fa = 4, Y, = 6. F, = 8, F, « 10, F, » 8, 
Yj =6, Fg = 4, Fg = 2, Fjo = 0, and F^^ to Fao ■* 0. 

It is necessary to choose a value for p which is equal to the 
number of the last harmonic required ; and in this case, there¬ 
fore, it will be possible to calculate the tenth harmonic. 

Next ascertain the values of 

1 . TTQ j 1 Trg 

- sin and - cos —^ 
p p P P 

for values of g of 1 to 20, when they can be set out in tho form 
of Tables IV. and V. 

Consider the first harmonic—the ordinates F^ to F^ are set 
in column n =» 1 opposite the appropriate value for 

i sin ^ and ~ cos ^ 

P P P P 

and ere multiplied by that value. 

In the case of the second harmonic, as the summation is 
now of the form 



TABLE IV. —Analysis of a TrianguTiAB Wayb Pobm (Peg. 17) by Mhahs of 10 Qbdinatbs phb TTAr.Ti ’ Oyclb (p = 10) ob 
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Yj must be set opposite a value of 

1 . ^irq 
- sin —- 
P P 

and multiplied by it, that is in line two, four, and so forth, due 
regard being paid to the correct sign. In this way the Tables 
IV. and V. are constructed for all the harmonics. 

The wave form is finally found to be 
2-5 - 2-0944 cos W - 0-3056 cos 60 - 0-2000 cos 10i9 + . . . 
+ 4-0864 Bin 6 - 0-4866 sin 66 + 0-2000 sin 60 
- 0-1266 sin 16 + 0T204 sin 9^ - . . . 

If the approximate Fourier coefficients so calculated are 
compared with those obtained by the rigid method considerable 
inaccuracies will be noted especially in the higher harmonics, 
due to the fact that p is not infinitely great. To investigate 
this point a schedule has been prepared for several types of wave 
form and a remarkable fact materialises. 

In Table VI. six examples have been taken, and the co¬ 
efficients ascertained by the rigid method, and finally measured 
by the second ordinate method. In five out of the six cases the 
error in the calculation of the coefficient is extraordinarily 
constant, even though the wave form differs widely. 

The constancy of the error,* which is shown in Fig. 41 as a 
percentage vairiation, does not appear to vary with the class* of 
periodic function so much as on the decrease of amplitude as 
the harmonic becomes of greater frequency. 

* Sinoa the preparation of this section, Bagla has shown that with a given 
grade of discontinuity, viz. I', I", etc. {page 60), the error curve is represented by 
a simple senes which sums to a trigonometrical function. Thus in the first five 
of the examples in Table VI., the disoontmuity occurs in the first denvalive, viz. 
I', and the error curve is given by the expression 



where £B = 5 in Fig. 41. 

jP 10 

Pig. 41 was originally drawn from the data in Table VI., but this new 
expression fits it exactly. 

This intriguing foot is being further investigated, especially with regard to the 
exception to the rule, but the result is not available for this edition. 
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It will readily be understood that if harmonics are present 
of only small amplitudes, the accuracy of the measurement of 
the ordinates Yq Yj Y^, etc., will largely affect their value. This 
is emphasised in Table VI., the last two lines, which clearly 
indicate that the error curve applies in such instances; or more 
truly applies only when the accuracy of measurement is suf¬ 
ficiently great. On the whole, however, its application will 



result in a reduction of the error due to the difference between 
the a’s and /Q’s and the Fourier coefficients. 

Simplified Schedules.—For all but the Class I. function it 
is possible to simplify the procedure outlined in Tables IV. and 
V, considerably, due to a certain amount of symmetry present 
in each of the Classes 11. to V. 

Glass II .—In this class let the ordinates over the period be 

0 yj Yj. .. ij-i 0 - ... - Yl -Yl - yJ 0, 

then it can be shown that 
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(I 2 + (-!)“■' 3^-i) sin ^(3) 

all of the Y’s being counted once and once only. 

Thus for ^ = 10 Table VII. represents the method of obtain¬ 
ing the values of /Sj to 


and 


On 


Olass III .—In this case the ordinates will be 

n" ri... 1^-1 r; r,'-i ... ra y: 

arFo + (- lyT, ^ ^ 


p 


p 


+ {Fr + (- 008 ?^+... ]...(4) 

jT 


and the schedule is as given in Table VIII., where p = 10. 


0 

and 


Glass TV .—The ordinates are 
0 


yi'w ys'/// 


■mu 

■^8 


-f: 


•mtn 




and the schedules are given in Table IX., for jp =» 10. 

The method of construction of these schedules has not been 
fully described, although a careful consideration of equations 
(3) to (6) and the setting out of the U’b and F's in the form of 
the full schedule in the tables will indicate how they are con¬ 
structed. It should be remembered that they can be applied as 
they stand, and that the calculations of the on and ySn can be ac¬ 
complished with rapidity; further, the conversion of the a’s and 
^s to the true Fourier coefficients by means of the error curve 
of Fig. 41 will, in the case of Classes I. to IV., give a reasonably 
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TABUS TK .— SamDTitiB fob a Olaeb IV. Fdnctioh (p = 10). 

Oj cos X + og cos 3x + . . . og COS 9x + O ]0 cos 10® + /3j sill a + ^ siii 2a + ... + /Sg sin 9a. 
Oidinates t"" ^ ^ ^ ^ 
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accurate result. Care must be taken with all Class V. functions 
where the wave form is approximately sinusoidal* 

With regard to the analysis of a Class IV. function, this can 
readily be aocomplished by means of Table VII. for a Class II. 
function omitting all the even harmonics. This is done auto¬ 
matically as the differences Vn are zero. 

* See note on page 61. 
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CHAPTEE III. 

WAVE FORM AND ITS MEASUREMENT. 

BLavinq- considered in Chapters I. and II. the fundamentals of 
Fourier’s series, and theoretical and practical analysis, the final 
requirement is that of the effect of harmonics of the readings of 
instruments. The possible errors which may occur have been 
foreshadowed in the introductory remarks in Chapter I., but in 
this chapter the problem is analysed in greater detail. 

On rectified circuits, as both alternating and direct current 
instruments will provide an indication, it is often found that a 
moving coil ammeter and a moving iron voltmeter are employed 
together, and if by chance a direct and alternating current am¬ 
meter are both used the widely divergent results will cause con¬ 
fusion. 

Consider, therefore, first the theoretical reading which may 
be expected in each case. 

Calculation of Mean Values of Complex Waves.—In 

considering the value of the mean ordinate of the wave it is 
often difficult if not impossible to state which is the zero value 
from which the integration should commence, on account of 
the number of positive and negative loops in the wave, due to 
the presence of higher harmonics. It is therefore convenient 
to begin the integration from the zero value of the fundamental, 
and in what follows this has been done. Further, if the 
oscillation consists of odd harmonics only the mean value of a 
complete period is zero, as the positive half of the loop equals 
in area the negative half, but in rectified circuits it frequently 
happens that the wave has a form as shown in Fig. 42, where 
the positive wave persists for a greater time than the negative 
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portion; and in such requirements as battery charging, the 
battery is being charged during the positive half, and discharged 
during the smaller negative portion. Thus the mean value 
in this case will be the area of the curve from 0 to ^ less the 
area from 6 to %r. 

The general expression for a current wave containing 
harmonics, and when no constant term is present is 

i = I\ sin ^ sin 2^ + sin 3^ + . . . + 7n sin nd + 

+ l'\ COB 9 + r\ cos 29 + /'a cos 3^ + . . . + i"n cos n9 + 
which may be written 

i sin {9 - 9-^ + Jg sin {29 - 9^ + /g sin (3^ - ^a) + . . . 

. . . + /n sin {n9 - 9n) + . . . 

and the average value of which is 
Ijw = — f id9 = f In sin {n9 - 9n)d9 = 
when n is odd, or zero when n is even. 


)In cos 9n 
^ n 


y 


( 1 ) 



Zn 


Fia. 42 .—Type of imperfectly rectified wave form. 

Eurther, when 6n = 0, i.e. when the harmonics are all in 
phase with the fundamental (or when the series consists of sine 
terms only) 

■ • • • ( 2 ) 


when n is odd, or zero when n is even as before. 

In the general expression for Fourier’s series it has been 
stated that when a constant term is present the average 
ordinate equals that term; in other cases the average value of 
the curve is obtained by the formula 


hy = W" “O® or 
\ /o TT-^ n 


jn 


or zero 
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according as to whether cosine terms are present or not, and 
whether n is odd or even. 

These results may be summarised more explicitly ■— 

(a) i = Ifi plus other terms 

Im = Tfl. 

{!)) i => I\ sm 6 + Ti sin 26 , + /„ sin n 6 . . . 

+ r\ cos ^ + T'a cos 2 ^ . . . + /'« cos 716 .. . 

(7jX ■= -1 («is odd only) 

\ / 0 71 

i '2 ^^2 

where /« = -v + 7,^ 

and tan 6 n ^ - y 

(c) i = /i sin 0 + /a sin 2 ^ . . . + /„ sin . . . 

(/jf)' -=- 2 §^(«isoddonly). 

\ /o 

These three results (a), ( 6 ) and (c) refer to a wave form only 
between the limits 0 and it \ between the limits 0 and 27r ( 6 ) 
and (c) reduce to zero, n being odd or even, and the net uni¬ 
directional current is /q (=> 7jtf). Thus the condition of rectifi¬ 
cation is that the wave form shall contain a constant term. 

This point has been elaborated to distinguish between /q and 
/jf—where the wave form is symmetrical, i.e. where /o is zero, 
7 jf is zero over the complete period, and also over the half 
period except where n is odd. 

Calculation of the Effective Value of Complex Waves.— 
The effective or E.M.S. value of the current wave presents no 
such difficulty as that introduced by the phase displacements of 
the various harmonics. The general equation of the wave can 
be written 

i sin {6 - 6 ^ + sin (26 - 6 ^) + ... 

. . . + 7« sin {n$ - 6n) + . . • 

The square of the instantaneous value of the current is 
42 - + I* sin® {6 - ^ 1 ) + /a* sin® (26 - 6 ^)+.. . 

. . . + 21 iln sin (6 - ^ 1 ) sin . 

. . . + 2787„ sin (26 - 63 ) sin (716 - -t- . . . 

. . . + IJi sin (6 - 61 ) + . 
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and the effective value of this equation will be given by 



Now definite integrals of the form 

[*27r 

J ^ sin p{d - 6 ^ cos q {6 - d^dO 

f2jr 

or I sin p{6 - 6-^ sin q{6 - 6.^d6 

J 0 

equate to zero when jp and g are not equal, and therefore 
components containing the squares of the sines of the angles 
only remain. Each of these reduces to tt op evaluating the 
definite integrals, and therefore 

= /o“ + + 7^2 + 7^2 + 7^2 + , _ + 7,^2 _ (3) 

Thus the effective value of the current is seen to bear no 
relation whatever to phase displacement, and depends on the 
constant term, and the maximum value of each of the ampli¬ 
tudes of the harmonics only. 

Calculation of Power.—The average power in the circuit 
can also.be calculated if the analysis of the current and voltage 
waves is available. In a perfectly general form 

i = 7o + /i sin {6 - ^i) + /a sin (2^ - ^a) + • • ■ 

6 = Eq + sin {0 - 7 i) + E^ sm (20 - 72 ) + • ■ • 

are the instantaneous values of the current and voltage. 

Then the instantaneous power 

ei = EqIq + Tfi/j sin {0 - 0 i) sin (0 - y^) 

+ E^Ij^ sin (20 - 72 ) sin (0 - 61 ) 

+ EtJn sin (n 0 - 7 „) sin {n 0 - 0 n) + . . . 

The average power is equal to 

^ I eid 0 
zttJo 

and in performing the integration, the terms involving differing 
values of n are as before equal to zero, and all the remaining 
integrals take the form 
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C'lit 

1 Bin (nd - ^,0 sin (nd - yn)tW 

J 0 

= [cos {On - 7,i) - COS {27i0 - (On + 

j*2>r 

= ■il COBXOn - yn)dO 

Jo 

rSir 

since cos {2n0 - {On + yi^}dO = 0. 

Thus P (the average power) 

= EJq + cos (^1 - 7 i) + EJ^ cos {0^ - 7a) + • • • 

. . . Enh cos {On - 7«) + • • -1 
= cos </)i + Pg^a cos «/)a + . . . 

. . . + EiJ[n COS <f)n + « • •] • (4) 


where is the phase displacement between the current and 
the voltage of the w^th harmonic. 

This point is one of considerable importance as it demon¬ 
strates the fact that the real value of the power is made up of 
the power contributed by the fundamental and each harmonic; 
and also because it throws light on the argument as to what 
the actual power is in some forms of rectified circuits (page 
77). 

Effective and Mean Values in a Rectified Circuit.—It is 
instructive at this stage to take a typical case and calciilaio the 
E.M.S. and mean values of a rectified wave, and for this purpose 
the example given in Fig. 24 of the single phase sine wave will 
be used. The equation to this curve has been found to be 


i = ^ sin ^ ^ cos 20 - cos 4^ . . . j 

and the mean value of which is For the R.M.S. value. 

TT 

from equation (3) 



f 




WAVE FOEM AND ITS MEASUEEMENT 73 


The aeries 




may by partial fractions be split up into a series whose nth 
term is 

1111 
4(2n - 1)=* 4(2n + 1)2 4(2n + 1) ^ 4(2n -1) 

the first two terms of which are of the form 


1 





. 00 


and the sum of which is The second two terms can be 
shown to sum to - | when an infinite number of terms is 
taken. Thus 



. 00 = 


TT® — 8 
16 


(see also page 39). 


Filling in this value into the expression for ^ 




P 

4 


or 



as the effective ordinate. In this particular case, as the curve 
takes the sinusoidal form, this result might have been arrived at 
by the simpler method 

P f"" P 

- 4 

or “ S’ 

It has been shown that where a constant term is present 
the average ordinate equals that term, but consider a case 
where there is no such term, as for example the rectangular 
wave. The equation for such a curve is 

i = l|^(sin ^ i sin 3^ + i sin bO . . .)| 
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{Im)1 


TT-^m 


= iM| 

TTTrl 


1 + 




* o "TT" 


TT^ 


= /. 


Average Power in a Rectified Circuit.—The equation for 
the mean power has been shown to be 

P = EJq + cos + P/g/g cos ^2 + . . . ] 

and if the biphase rectified current and E.M.F. waves of Eig. 
26 a are evaluated 

e = e\— - ^ - i cos 9,6 - q-4— cos 40 . . .1 

LtT l.O.TT O.O.TT J 

and i = if- - .. f - cos 20 - „ f cos 40 . . .1 
LtT l-O.-TT S.O.TT J 


where all of the harmonics of current are in phase with the 
E.M.F. 

The average power will then be 


P 


4 

-gPI + 

TT® 


1 r 


16EI 

7H>(3.6)“ 





2 




where and are the effective values of the current and the 
E.M.F. 

Type of Instruments to use on a Rectified Circuit.— 
The type of instrument which is used on a rectified circuit has 
to be carefully chosen, and a brief descnption of the more com¬ 
mon types may be of value in deciding which to employ. 

D.G. Moving Goil .—^In this type of instrument a coil, through 
which a definite proportion of the main current flows, rotates 
between the poles of a permanent magnet, which thus provides 
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a constant flux. The torque on the coil is consequently propor¬ 
tional to the current in the coil; therefore in the case of a vary¬ 
ing current the meter will read the average value of the current 
/o, and if connected to an alternating current circuit will give no 
permanent deflection, as the average value of i (0 to 27r) is zero. 
If, however, the instrument is provided with delicate moving 
parts of small inertia the needle will be observed to vibrate with 
the same period as the frequency of supply, and if the inertia is 
sufficiently small the needle will register the amplitude of the 
supply current (see page 80). 

On a rectified circuit, viz. one where a constant term is 
always present, the meter will read a value corresponding to 



and this integral equals that term. Further, it may be noted 
that this reading is that which registers the charging current of 
a battery connected in circuit, and therefore on all electrolytic 
work a moving coil instrument should be used, or more generally 
—one which indicates the mean value of the current. 

Hot WirOt Dynamometert and Moving Iron Instrume7its.-~- 
All of these instruments fall into the category of “ square 
law ” instruments, viz. those in which the deflection is pro¬ 
portional to the mean value of the current squared. The hot 
wire ammeter depends on the heating and consequent expansion 
of a thin wire for its deflection; and as the heating effect equals 
the PE losses the deflection varies as the square of the current. 
This instrument has another valuable property, viz. that the 
indications are independent of the frequency of supply, a feature 
which is not shared by any of the other types mentioned. 

The dynamometer contains two coils, one stationary and 
the other capable of rotation. The current passes through both 
of these coils connected in series and the torque is thus propor¬ 
tional to the squEire of the current. Lastly the moving iron 
meter depends on the induction in a small piece of soft iron 
rotating in a variable field, and the indications are again pro¬ 
portional to the square of the current flowing round the coil. 
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All of these meters will read accurately on a direct current 
circuit (with the qualifications below), but this must not be 
accepted as evidence that they will give the same result as a 
moving coil instrument on a rectified circuit. 

It is convenient to look upon a moving coil meter as reading 
the electrolytic value of the current or the equivalent of a certain 
quantity of silver deposited in a certain time in a silver volta¬ 
meter, whereas the square law instruments register the dynamic 
or heating value of the current. This distinction is a real one, 
and although rarely met with except in cases of rectification, 
yet it is important that the difference should be clearly under¬ 
stood. 

It has been stated that both types of instrument will 
register correctly on alternating and direct current provided 
that the above distinction is borne in mind. Suppose that a 
dynamometer and a moving coil ammeter are connected in 
series on a circuit which consists of a small alternating current 
^ sin 6 superposed on a nonpulsating current of value /; the 
reading on a moving coil meter will be I but on the dynamo¬ 
meter it vriU be 


according to equation (8), and the ratio of the two readings 
will be 





+ . . . 


The difference between the two indications is thus dependent 
on the ratio of the superposed current to the mean current and 
if this is small the readings will be approximately the same. 
Further, if the frequency of the oscillations is high the inertia of 
the moving parts may be such as to render the vibrations un- 
noticeable. 

Wattmeters and Pow&r Measurements .—The wattmeter 
is a dynamometer in which the stationary coil is connected in 
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shtmt or througli a current transformer, so as to measure the 
current flowing, and the moving coil is placed across the supply 
to measure the voltage; the deflection of the needle is pro¬ 
portional to the product of the currents in the two coils, and is 
therefore a measure of the mean value of the power. 

It has been shown in equation (4) that the average power 
P = Efllj + COB <f>i + Ejlg cos + Enin cos ^ + . . .] 

and that this is the general expression for the power in any 
circuit. 

Now the effective values of the current and E.M.F. are 

^ = w + iW + V +...] 

and = mJE^ + + E^ + . . .] 

and hence if the power in the circuit is to be measurable by the 
product of the effective values of the current and the E.M.F. 
multiplied by an equivalent power factor 

+ 12 “ + . . . }]W + + Ea® + ...}] cos 

must equal 

Efllo + cos 01 + Ejla cos 0 a + . . .]• 

If the current and E.MF. waves are similar in shape and 
only differ by a constant factor such that generally 

and En = Jc^In, etc., 


then ioo/ cos $ reduces to 

+ i'2® + • ■ •)] cos ^ 

= {Efllo + KEiIi + Egla +...)} cos a>. 

If now it is inferred from this relation that 

cos 01 = cos 02 . . . = cos ^ = 1 , 

i e. 01 = 0 a « “ 0 , 

then E = , 

and under no other circumstances will this be true. 

It is interesting to note in passing that the product of the 
current and voltage as read on moving coil meters, viz. EoTe.wiU 
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only accurately measure the power when the amplitudes of all 
harmonics are zero, i.e. 

either = Eg => . . . 0, or = Jg = . . . 0, 

or in other words, when the wave form of current or voltage 
is a straight lino parallel to the axis of time and when there 
is no frequency error. This is only approximately the case 
even in three and six phase circuits and hence “ square law ” 
instruments are likely to give a truer indication of power than 
those of the moving coil type, again, provided that the frequency 
error is not too great. 

To show the order of the error involved if the frequency 
error is negligible, assume a single phase sinusoidal wave form 
with unity power factor, in which case effective amperes multi¬ 
plied by effective volts will give true power. 



The power measured on moving coil maters is 

lEI SI 

Pg ^ EqIq ” “ "Jq approximately 


and 


Pg 2 


In the case of a biphase sinusoidal wave form 

P2 4 

and thus the difference between the readings is reduced, and 
the error reduced from 160 per cent, to 20 per cent. 

In the case therefore of a rectified circuit where either 
(1) the current is out of phase -with the E.M.E. or (2) the 
current wave is not similar to the E.M.E. wave, the only way to 
ascertain the true power is to use an electrostatic wattmeter 
which of course inherently performs the integration 
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and is not susceptible to frequency errors. If a dynamometer 
ammeter and voltmeter are used in conjunction with a watt¬ 
meter the equivalent power factor may under certain circum¬ 
stances be obtained and will be 


oos4> = 


P 


...}][/.«+4{/i‘+-4’+ • ■ -0 

but in the case of a wave form with harmonics present the value 
of is meaningless excepting that of the above expression, and 
further, this is only true provided that the error introduced by 
harmonics present of frequencies outside the range of 25 to 
160 cycles per second, is less than the inherent error of the 
instrument. 

It cannot be too carefully emphasised that it is rarely true 
in rectified circuits that the two conditions above mentioned 
apply; and large errors may be introduced if any instrument 
but a wattmeter, which is not susceptible to frequency error, is 
used to measure power output. In fact it is not too much to 
say that if true power is required either some form of calori¬ 
meter is necessary or alternatively an electrometer (see also 
page 14). 

It may be advanced that the insertion of a power factor 
meter may enable correct readings to be obtained, but such aji 
instrument is susceptible to frequency errors, and these errors 
will mount up with the higher harmonics which are always 
present in a rectifier circuit. Although a power factor meter 
will reduce the correction necessary it may not give an absolutely 
correct result. 

Lastly, it will be found that the difference in the indications 
of moving coil and square law instruments becomes less as 
the number of phases in the rectifier is increased, which is 
equivalent to a decrease in the amplitudes of the higher 
harmonics: when this is the case either the moving coil or 
square law instruments will give an approximate reading of the 
power, and the power factor will approximate to unity. 
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Form Factor.—The form factor of an oscillation is the ratio 

Effective value 
Mean value 

and can therefore only be unity in the case of a rectangular 
wave, and in all other oases must be greater than unity. 

The form factor is not of great practical utility, but it does 
give an indication of the peakiness or otherwise of the wave. 

The form factor can be at once calculated from the readings 
given by a moving coil and dynamometer instrument in series, 
and if this ratio conforms to a given factor the general wave 
form can be approximately foretold. 

Oscillographs.—Little has been said so far of the deleterious 
effects of certain types of wave, but there is little doubt that in 
some cases, such as, for instance, the inclusion in the circuit of 
a transformer, it is advisable to keep the wave form as nearly 
sinusoidal as possible, as otherwise at the crest value the iron 
may reach a high degree of saturation. The form factor may 
assist in giving an approximate idea of the peakiness of the 
wave, but actual demonstration of the shape of the curve by 
means of an oscillograph is preferable. 

There are several forms of oscillograph, one of which should 
be found in every laboratory and test shop; the best known is 
that named after Duddell, and consists of a permanent magnet 
system of high magnetic induction, and two fine filaments to 
which is attached a mirror, and which suffer angular distortion 
when a current is passed through them. As the inertia of the 
moving parts is kept as small as possible, the mirror will more 
or less accurately follow the form of the oscillation, and if a 
spot of light be suitably reflected from it on to a sensitised 
moving film a record will be obtained of the actual wave form. 
It is not necessary to describe in detail the various designs and 
modifications which are embodied in the typical oscillographs 
obtainable on the market, as such particulars can be found in 
text-books and catalogues. 

Two other types of oscillograph are briefly described which 
are easy to manipulate and which lend themselves to use in the 
test shop. 
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Gas Tube .—A glass tube about inches long and 1 inch 
in diameter is filled with gas» preferably argon, to a predeter¬ 
mined pressure and is provided with two electrodes LTj (Fig- 43) 
which are in linear juxtaposition with a small gap between them. 
The bulb is held between two contacts GO screwed to a wooden 
disc A about 18 inches in diameter, which is rotated by a silk 
thread from a motor M, The current is led to tho contacts 
by two brushes bearing on slip rings (not shown) and a balancst) 
weight W 18 provided to counteract out-of-balancc forces. It has 
been found that tho negative glow (see Chapter VTI.) will creep 
along the electrodes from tho gap to the cap, a distance which is 
proportional to the current flowing through tho in ho; and the 
length of the glow is therefore proportional to thti (Uirronl; 
flowing. 



Pia, 48 .—Ojw tiubo 


The speed of the motor dotorminos tho length of tho axis of 
the oscillogram, and as the speed is incroasod tho geometrical 
patterns of the base line change from scpiaro to pontagon, 
hexagon, etc., according as the speed is a multiido of tho 
periodicity in the ratio of 4/1, 6/1, etc. Tho pattorna chango 
gradually from one design to another and tho oscillogram ap¬ 
pears as a continuous glow, as shown in Fig, 44, One advan¬ 
tage of the apparatus lies in the fact that it can be used directly 
on a high tension circuit without the interposition of any trans¬ 
former, the motor being insulated by the silk thread. 

Oathode Bay Osoillograph ,—This form of oscillograph is 
also very convenient and has been described recently in several 
articles in the technical press. Oathode rays are projected from 
the filament F which is mounted in a somewhat unusual type 
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of bulb, as shown in Fig. 45. The rays pass between a metallic 
constriction A which is the anode, and thence between two 
plates Pg parallel to one another and to the plane of the paper, 
and also between two similar plates Pi at right angles to the 
plane of the paper; the anode, one of the Pi plates and one 
of the Pa plates are connected to a source of high potential. 



44.—Typical oBoiUogram from a gas tube oscillograph. 

Cathode rays are subject to deflection by an electrostatic and 
also by an electromagnetic field, and hence if plates Pi are con¬ 
nected to an alternating supply and plates Pa to a generator of 
oscillations of a known frequency the rays will be deflected so 
as to record the current wave on a fluorescent screen S at the 
end of the bulb. A further and interesting development is ob¬ 
tained by connecting plates Pi in 
shunt vnth a choke coil and ap- 
S preaching the iron of the choke 
to the plates Pj. The plates Pj 

Pi 3 .«.- 0 ithoa 6 »yo=oa<,g»ph. the rays to be deflected 

proportionately to the current flow¬ 
ing in the choke and hence to the magnetising force H, and 
the leakage flux from the iron will cause them to be deflected 
in a direction at right angles, and of an amplitude proportional 
to the magnetic induction and thus the B-H cyclic curve of 
magnetisation will become visible on the screen. This ocular 
demonstration is of value when considering the effect of rectified 
currents on the cyclic curve of a transformer iron circuit. 



Pep* 
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PART II. 

MECHANICAL BBCTIPIEES. 

CHAPTER IV. 

ROTATING MAOHINBRY. 

From the standpoint of alternating current rectification, many 
of the existing types of machinery could be classed under the 
heading of rectifiers. For example, the process of commutation 
m a direct current generator, involving as it does the conversion 
of an inherent alternating E.M.P. in the windings into an uni¬ 
directional voltage at the brush terminals, is a rectifier. 

Of the large machines which perform the function of recti¬ 
fication, in that a direct current output is obtained from an 
alternating current input, the four following types may be 
mentioned:— 

(1) Motor Generator 

(2) Rotary Converter 

(3) Motor Converter 

and (4) Transverter. 

The motor generator set driven by an alternating current 
motor connected mechanically to a direct current generator is 
most commonly found in spite of its comparative inefficiency, 
but the theory of operation can be considered from the stand¬ 
point of a separate motor and generator, and the discussion of 
such combined plant is not included; but the reason for the 
prevalent use of motor generator sets is difficult to appreciate 
The only sound cause for the installation of such an arrange¬ 
ment would be the case where an earthed supply is available 

I 
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and the rectified current has to be unearthed, and conversely ; 
or where special voltage regulation is essential. 

Of the remaining types of machine, viz. (2), (3) and (4), the 
Transverter will be considered in some detail, as little informa¬ 
tion is available in the current test-books, but as this chapter 
is devoted to machines whose windings rotate with their com¬ 
mutating devices, the Transverter will be discussed in the next 
chapter. 

Rotary Converters—General.—^Item (2), the Rotary Con¬ 
verter, is also only briefly considered, as the general theory of 
operation is well understood. But it has been thought advisable 
to develop the analysis of the voltage relationships on the A.C. 
and D.C. sides, as well as the calculation of the heating effect of 
the combined currents in the rotor, as both these problems show 
a certain similarity to allied phenomena in other forma of 
rectifier. The rotary converter, therefore, will only be con¬ 
sidered from these two standpoints in what follows. 

The rotating part of this machine consists of a drum type 
of armature revolving between two fixed pole pieces and provided 
with a commutator, as in the case of a direct current generator; 
but on the opposite end of the armature to this commutator, 
slip rings are mounted on the shaft and connected as indicated 
diagrammatically in the Eig. 46. 

Thus the current in the armature consists of a supplied 
alternating component, and a generated continuous current. 

Rotary Converter — Voltage Relationships.—Take the 
case depicted m Eig. 46—the two connections to the slip rings 
are made to opposite ends of the windings, and the brushes 
D'D" are shown bearing on the commutator segments. Assum¬ 
ing an uniform winding, the alternating component of the 
E.M.E. will vary according to a sinusoidal law, viz. the instan¬ 
taneous value 

V. = E sin d 

where E is its maximum amplitude. At the instant when 
^ “ 2 ’ ® value of the continuous 
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voltage across the brushes. The effective value of the alternat¬ 
ing E.M.F. is therefore the R.M.S. of the alternating 

voltage equals the direct E.M.F. divided by 



Fia. 46.—Diagmnmaino representation of a rotary converter. 


In the case of a three-phase supply the connections from 
the armature coils are taken out at three equally spaced posi¬ 
tions to three collector rings, as shown in Fig. 47, and the 



47 .—Diagram of three-phase rotary converter. 


E.M.F. between the slip rings is given by the following equa¬ 
tion :— 


- ^ o- 612 Ejf 

2^2 
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where Em is the direct voltage, and S is the effective alter¬ 
nating E.M.F. of supply. And generally it can be shown that 
if m is the nuruber of phases 

. TT 

Sin — 
m 

Thus the two E.M.Fs. have a perfectly definite relation 
depending only on the number of phases ; and theoretically no 
variation of this relation is possible, but in practice this state¬ 
ment is not strictly true. 

The actual relation between the two voltages is given in 
Table X. for the varying number of phases. 


TABLE X. 




B.M 8 Voltage 

between Slip Bings. 


Oonidnaous 



Number of Phases. 



Voltage. 








1. 

2. 

8. 

6. 

12. 

m. 

1 

0-707 

0-707 

0-612 

0-864 

0-183 

1 V 


Rotary Converter—Rating of Machine.—The current pro¬ 
duced in the armature winding consists of a combination of the 
alternating and direct components. In Fig. 48, D represents the . 



Fig. 48. —A.O. and D.O, ourrent waves in a totaiTy oonvertev. 

direct current in the coil varying in value from H- / to - and A 
the alternating component which varies according to the equation 

i « 7 sin 6. 
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The net current in the armature coil for a single-phase 
machine will therefore be obtained by an algebraical superposi¬ 
tion of these two curves, and takes the form of the wave of 
Big. 49. The mean square ordinate of this curve represents 
the heating of the armature, and therefore the armature 
loss. 

To calculate how this armature heating varies for differing 
numbers of phases, it is first necessary to calculate the relation 
of the currents; and for simplicity assume for the moment that 
the ejBfioiency and power factor are both 100 per cent, whence 



where Im is the D.O. output current and ^ is the effective cur¬ 
rent input per phase. 

As Em = 




m e/ sin -Y 

it follows that Im= _ 

x/2 


Take the case of a coil in the armature which is situated at 
an angle a from the midway position; the direct component is 

^ and the alternating component 

/sin (^ - d) 

sin (^ - a). 




1 
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The actual current in the coil is therefore 


i = sin {6 - a) 




The mean square of this current is 


i^dO = —j—i' 2 • 2 

0 4 sin^ — 

[ m 


+ 1 - 


16 cos a 


The ratio of the direct component squared to this mean 
effective current is therefore 


t 8 - 16 cos a 

o = +■ X — 

TTir Sin* — mir sin — 

m m 


where 8 is a factor which represents the ratio of the loss due to 
the armature heating to that of the same output of direct cur¬ 
rent generator. 

This ratio will have maximum and minimum values at 


and 0 


and the mean value is therefore 


-\^Ua 


, . , TT ir 

m* am* — 
m 


This ratio A can be expressed in another way; if it is de¬ 
sired to obtain the same heating effect in the rotary converter 
its output can be increased in the ratio 

1 

n/a 

over that of the same sized direct current generator. 

Values for A and —^ are given in Table XI. for varying 
vA 

numbers of phases :— 
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Bating taking contin¬ 
uous current machine 
as unity . 





Number of Phases. 




DO. 

Maohme. 

2. 

S. 

4. 

G. 

12. 

00. 

1 

100 

0*86 

1*84 

1-64 

1-96 

2-24 

2-81 

A 

100 

1-87 

0 55 

0-87 

0-26 

0-20 

0-18 


and the curves are plotted in Eig. 50. 



N? OF PHASES 

Fia. 60.—Efieot of number of phases on rating. 

In what has been said it has been assumed that the direct 
and the alternating currents are in phase, as is shown in Eig. 
48; if, however, the circuit has a lagging or a leading power 
factor, the alternating current is displaced from the rectangular 
wave an amount equivalent to the power factor of the circuit, 
and the ratio 8 will no longer have maximum and minimum 
values at a =* Trjm and 0 respectively. The calculation of the 
heating current in this, the general case, can be effected as 
follows:— 
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If cos <fi is the power factor, the ratio between the wattless 
and the power currents will be tan and as rj is the overall 
efficiency of the machine, the input current will have to be 
increased by 1 /j? to make up for the deficit due to the losses; 
thus both the wattless and the power currents will be increased 
to this extent. 

The alternating component of the armature current will 
therefore be 

^2 ^ sin (6 - a) + ^Qg 


and the current in the coil represented by the angle a will bo 
i = ^2 sin (d - a) + ^ cos (6 - a)| - — 



m 


= r sin (0 - a) + s cos (0 - a) - t 
where 


r 


, 2/jf tan 

„ ® = and t = 

WM? sm — mT] sin — 

m m 

The mean square of the current is 

i {"i^d0 cos a 4s t sin a 

ttJo “ 2 ^ ^ 

= 8 '. 


This is the heating current in any one coil displaced an angle a 
from the neutral point, and hence the average current is 
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whence filling in the values for r, s and t 




TT 


+ 1 


mW cos® 6 sin* — 
' ^ m 



It will be noted that as there is no definite information as to 
the position of the maximum amplitude the integration has 
to be performed over one cycle, and that with a reduction in 

efficiency or power factor the ratio decreases rapidly, and 

thus showing a falling off in the favourable comparison with 
a direct current generator. 

The effect of power factor on the armature loss is illustrated 
in Fig. 61, 


ARMATURE 
LOSS RATIO 

I [ 

12 I 

l-l 

1-0 

9 

8 

•7 

•a 

s 




POWER factor 


61.—RotSpry converter—^power &otor v. armature loss. 


A single-phase rotary converter is not as efficient as the 
equivalent direct current machine, but the six-phase converter 
is seen to be nearly twice as efficient. The gain by increasing 
to twelve phases is not proportionately so great considering the 
increased complication, and therefore in practice it is usual to 
find the six-phase rotary is the one employed. 

Rotary Converter—Inverted Running:.—It may be gathered 
from what has been previously said that a rotary converter 
can be run under inverted conditions, that is, it is electrically 
% 


f j 






96 ALTEENATING CUEBENT EBCTIFICATION 


reversible, and can be driven from a direct current main to 
supply alternating current. 

If the converter is driven from a direct current supply it 
functions in the same way as a D.O. shunt motor, as the excita¬ 
tion is connected across the brushes of the machine. Thus a 
weakening of the field produces an increase of speed and con¬ 
versely. But the direct and alternating E.M.Fs. have a fixed 
relation, and hence a vajdation in speed under inverted conditions 
will theoretically only affect the frequency of supply on the A.C- 
side, and not the A.O. voltage. This is not strictly true as 
the armature reaction has some effect on the A.C. voltage, 
but to all intents and purposes it -will function in the same way 
as does an AG. generator. 

A rotary converter is a valuable piece of laboratory apparatus 
M a source of variable frequency, but it is advisable to guard 
against an accidental weakening of the field and consequent 
high rotor speeds. In practice on large machines an automatic 
cut-out is often mounted on the shaft which operates on the 
main circuit breaker and controls the supply in cases of exces¬ 
sive speeds. 

Rotary Converter—Direct Running.—When a rotary is 
operated from the A.C. side a totally different set of conditions 
appertains: the machine is now functioning as a synchronous 
motor and has all the characteristics of such a motor. Thus it 
will only continue to run satisfactorily at a synchronous speed, 
and if the load is increased beyond a point it will fall out of 
step, and the high currents in the stator will inevitably cause 
damage unless the supply is controlled. 

A rotary converter, however, possesses the valuable property 
of the synchronous motor with regard to power factor improve¬ 
ment, which can be effected without difficulty. On the other 
hand, this asset is to a certain extent nullified by a correspond¬ 
ing increase in the rating of the machine, which can be 
imagined by cousidering the curve A in Fig. 48 being moved to 
the right or left relatively to the curve D. The additive effect 
of the two currents I a and Is vdll result in an increased arma¬ 
ture loss which is clearly indicated in Fig. 61 where tth^ copper 


^■5 « • . 
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loss in the armature is plotted against the power factor. For 
a fuller description as to the way by which this is effected the 
reader is referred to the works mentioned in the bibliography, 
but it may not be out of place to include the characteristic 
curves or “V” curves of a S 3 rnchronous motor. These charac¬ 
teristics (Fig. 62) apply equally to a rotary converter and show 
that with constant load and varying excitation the current input 
attains high values for low excitation which decrease to a mini¬ 
mum value and increase with increased excitation. The curves 
are almost symmetrical about a line curving to the right-hand 
side of the figure; and this line of minimum current input is 



I’la. 62.—“ V ” curves of a synohronouB motor. 

also the line of unity power factor. For any one particular 
loading, excitation to the left of the line will produce a lagging, 
and to the right of the line a leading power factor. Thus a 
variation of excitation during direct running will not produce 
a vpltage ratio variation, but the power factor only will be 
affected, and by these means correction for other inductive 
loads on the system may be obtained. 

Starting of Rotary Converters.—^As a rotary converter has 
the characteristics of a synchronous motor, it follows that if the 
machine is operating from the A.C. side it can only be started if 

7 
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special means are adopted to preclude heavy currents being 
taken from the mains. In some cases a separate D.C. motor is 
mounted on the shaft, but this is only practicable when a D.C. 
supply is available. An alternative is to run up to synchronous 
spe^ using a small induction motor mounted in a similar 
fashion; but the simplest and beat way is to specify a machine 
which is self-starting as an induction motor and which can be 
synchronised without difficulty. Such rotanes are quite common 
and result in a considerable saving in capital expenditure. If a 
large D.C. supply is available the obvious course to adopt is to 
start up from the D.C. side, using an ordinary starting resistance 
and rheostat 

Motor Converter.—^A specialised form of rotary converter 
which is in some ways preferable to the latter is the la Cour 
type of motor converter. 

' This machine is in principle a rotary converter running in 
concatination with an induction motor rotor on the same shaft 
The induction motor operates at one-half synchronous speed, 
and the stator only is connected to the supply. The rotor which 
is connected mechanically with the armature of the rotary 
converter is usually divided into twelve phases, which may be 
considered as the supply to the rotary in the usual way. 

Fig. 54 indicates the arrangement. One-half of the input 
energy to the motor is converted into electncal energy in the 
armature, and the other half into mechanical energy which is 
absorbed in rotating the D.O. armature 

The advantages of this type of converter are considerable : 
it will start up as an induction motor without any difficulty by 
the insertion of a three-phase resistance in the rotor. The only 
slip rings are those required for this resistance, and they may be 
short-circuited during actual running. As the leads from the 
rotor to the armature rotate with the rotor, the advantage of 
the effect of the greater number of phases on the increased 
efficiency can be employed. Further, as the driving unit is an 
induction motor which is quite separate from the converter the 
supply voltage can be varied within wide limits without effect 
on the D.O. generated voltage. The complete unit can be 
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operated direct from a 6600 volt supply and generate at 110 
volts without any transformation plant. 

It also lends itself to the supply of a three-wire system as 
shown in the illustration. By means of the triple-pole change¬ 
over switch, and after the slip rings have been short-circuited, 
the middle wire is connected to all three rings, when automatic 





Fia. 64.—Diagrammatlo skelioli of motor oonvortov. 


balancing is obtained. There is little fear of a flash-over on 
short-circuit or heavy loads, but no power-factor control is 
possible with this type of machine. 

A 1000 K.W. motor converter manufactured by the General 
Electric Go., supplying direct current at 480-540 volts at 
500 B.P.M., is illustrated in Big. 66. 
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OHAPTEE V. 

MEOHAinOAL EBOTEPIERS (oont.). 

Synoheonous Commutatoe Beotifiees. Fundamentatj 

OONSIDBEATIONS. 

General.—The 83 TichronoTis commutator rectifier has so far 
not had an extended use, in part due, no doubt, to the difficulties 
attending satisfactory commutation, which in all probability 
have been over-emphasised in this particular design. The evils 
attending this essential part of direct current machinery havo 
been mentioned, and these difficulties are incapable theoretically 

of real solution unless some ex¬ 
traneous methods, such as the use 
of interpoles, are employed; tho 
cause of the trouble is in tho induct¬ 
ance which the coil under commu¬ 
tation possesses; hence it might be 
considered that if this inductance 
could be eliminated, perfect com¬ 
mutation would result. This is 
in part true, but in the case of tho 
. . commutator rectifier there is no 

inductive coil to be short-circuited during the period of rectifi- 
cation, excepting that of the supply transformer, if such there 
be. The assumption, therefore, that commutation should be 
sp^kless, 18 theoretically true with the reservation that this can 
only be achieved at one definite current loading. 

tlie oaee of a two-part commutator as shown in 
. f - ^ere the supply E, alternating in character, is con¬ 
nected to a commutator through two slip tings and thence 
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to brushes C and D. If the disc rotates at synchronous 
speed, brushes A and B will supply a unidirectional current 
to the load, and the rectified current and voltage wave will, 
under these circumstances, be similar to the curves in Fig. 57. 
But if the load is inductive or if a separate inductance is 
inserted in the rectified circuit, the current wave will take the 
form of that in Fig. 58. The supply current wave to the 
rectifier must be so constituted that on reversal it maintains a 

G G 


0 TT zn 0 rr 277 

Fig. 57.—Beotified current and voltage Fio. 58.—Rectified current with 

with no inductance. smoothing inductance. 

wave form similar to it, but reversed at a predetermined point. 
It must therefore take the shape depicted in Fig. 59, and must 
of necessity be discontinuous in form in this particular case, as 
it has to ]ump instantaneously from a positive to a negative 
value. It has been postulated that when inductance is present, 
an abrupt current change is impossible, and the current wave 
will therefore assume a more or less smooth shape, as shown m 
full line in Fig. 59. It follows that the current in the rectified 

A 

Fig. 00.—Inductive current in 
commutator. 




Fig. 69.—Supply current wave to 
rectifier with inductance. 




circuit and in the AO. circuit cannot be the same, the difference 
being commensurate with the curve in Fig. 60. This current 
exists as a short-circuit arc on the commutator unless special 
means are provided to absorb it in some other way. Such 
means are available, and in some cases resistances are inserted 
in the A.G. and rectified circuits, so calculated as to absorb 
this excess current adequately. It is apparent that a resistance 
can only absorb the current correctly at one particular load, 
and moreover that the efficiency will be impaired by the 
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rheostatic losses The fact, however, must not be lost sight of, 
that perfect commutatiOQ is possible in a commutator rectifier, 
even in the case of an inductive load, and if arrangements 
can be made to vary the short-circuit resistance for any parti¬ 
cular load, the synchronous commutator will have advantages 
which will render it a very serious competitor of the more usual 
types of converter. 

Open and Short-circuit Types.—There are two forms of 
synchronous rectifier which can be designed, and which operate 
e*Es/N d ei on different principles :— 

(i) the Short-circuit type, in 

/ E \ f ^ which the brushes are wide 

/: 1 IX 1 I enough to connect together any 

® two adjacent commutator seg- 

\ / ments, and 

(ii) the Open-circuit type, 

Fiq. 61. —Supply and rectafied volt- where the segments are never 
age in short-circuit rectifier. , . 

interconnected. 

The late Prof C. P. Steinmetz has investigated the wave 
forms resulting m each case, and certain of his investigations 
are given. 

Short-circuit Rectifier.—The voltage of supply e = E Bind 
and the rectified voltage are shown in Big. 61 where the 
dotted lines represent the E.M.F. of the unidirectional current 



SUPPLY CURRENT 


Fig. 62.—Supply current to short-cirouit rectifier. 


^ I i (^1 r' 

0 n in 


REaiFIED CURRENT 


Fig. 68 .—Rectified current with non-inductive load. 


The supply and rectified currents on a non-inductive load 
are indicated in Figs. 62 and 63. 
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If the load is inductive the current wave is distorted as 
shown in Figs. 64 and 65. 

It will be noticed from these curves that inductance in 
the D.C. circuit causes the current to die away slowly—as 
would be expected, but further that it results in a smoothing 
of the wave form rather than in any movement of the current 
wave relatively to the voltage wave, as in ordinary A.C, circuits. 
Further, in this case at the moment of reversal the alternating 



Fio. 04.—Supply current wi til mduotivo Fia. 06.—Heotlfiad oun-enb with in- 

reotified load; short-circuit type. diictive load; short-circuit type. 


supply current has reached a higher value than the direct 
current, and it is this excess current which it is necessary to 
absorb if commutation is to be sparkless. 

In the case of Fig. 66, where the inductance has the correct 
value, it has been possible to design a resistance to absorb the 
arcing current completely, and stable conditions ensue, i repre¬ 
sents the supply current and the rectified current. 



Fio. 06.—Short-circuit rectifier; supply and direct current with stable 
condiuons. 

Open-circuit Rectifier.—With this class of commutator the 
current and voltage curves are similar to those of the short- 
circuit type on a non-inductive load; but where inductance is 
present the current wave takes the form of Fig. 67. The 
cause of the arcing in this case, the position and amount of 
which is shown by the shaded area, is due to the interruption 
of the current whilst still considerable in value, and also 
because of the inductive circuit. In this case there is no 
correct cure; but a compromise is possible—similar in effect to 
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the use of interpoles in a D.C. generator—viz. a shifting of the 
brushes in the correct direction will result in the current being 
broken at a time when the voltage has reversed sufficiently to 



Fig. 67.—Open-ou-ouit rectifier; inductive load. 


cause a small reverse current to flow which is nearly enough 
to neutralise the decreasing supply current. 

From what has been seen of the two cases it will be observed 


that difficulties attend the design of all commutator rectifiers; 

^ but the experience of the open- 

/ circuit t 3 Tpe would lead one to 

/ believe that the shifting of the 

/ brushes would result in im¬ 



proved conditions in the short- 
circuit rectifier; and in practice 
it is found that a brush lead, 
together with a variation in the 
duration of the short-circuit 
tends to beneficial results. 

The way in which the dura¬ 
tion of the short-circuit is effected 



Fig, 68 .—Commutator with brush 
shifting gear. 


is ingenious: two or, in some 
cases, three brushes are used, 
and are so connected electrically 
that they can be shifted indepen¬ 
dently of each other. In Fig. 68 


the brushes A and B are shorted, as are also 0 and D, and the 


effective angular brush width is equal to the angle d. 

To give effect to the angular shift, assume that the zero line 


SYNCHBONOUS COMMUTATOE BECTIBrEBS 106 


is XX relatively to the synchronous driving motor, then the 
following will represent the cycle of events (Pig. 69):— 

0 to period of short circuit or rectification. 
to TT - ^2 current flowing from A.C. to D.C. circuit. 

TT - ^2 to TT + period of rectification. 

A model made of cardboard and similar to the arrangement 
of Pig. 69 will make the connections, during the revolution of 
the commutator, clear. 

In Pig. 68 the brushes are shown directly connected, and 
during certain portions of the cycle, heavy local currents will 
flow. In the ensuing analysis 
the direct connection will be 
substituted by a series of re¬ 
sistances which will effectively 
curtail these currents. 

Short-circuit Rectifier with 
Control Resistances,—^In Pig, 

69 assume that the six brushes 

A, B, C, D, E, and P are so 
disposed that A, B, and C form 
one pole and D, E, and P the 
other; and that between A and 

B, and C and B resistances 
r and r" are connected, and 
r" and t'" similarly between 

D and E, and P and E. The A.C. supply is then connected, 
by means of slip rings Q- and H, to the metal segments. 

In the position shown, i.e. when the D.C. and A.C. sides 
are connected to one another, the brushes B and E will pick 
up the greater part of the current, and that supplied from the 
others can be neglected. 

But in the period when B and E are midway between the 
gaps in the segments, viz. at XX, the A.C. supply is short- 
circuited by a resistance 

1 

1 1 

I Zf" _L 

r + T r + r 
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and the rectifier circuit by a resistance 

1 

ra ~ 

+ 


1 

+ r' 


1 

+ / 


Hence, by suitably choosing r, r", r" and r"\ and 
may be made to assume any value to suit the conditions of 
sparkless commutation. 

Theoretical Analysis.—Assume that ro, a^o, and r and x are 
the resistance and inductance of the A.C. and D.C. circuits 
respectively; further, that E is the maximum value of the 
A.C. supply voltage, and e is the counter E.M.F. in the D.C. 
circuit. Then the following equations apply, where is the 
through current in the rectified circuit, and 4 and the 
currents in the rectified and A.C. circuits during periods of 
short-circuit respectively:— 


Period when A.C. and D.C. Circuits are Interconnected. 

F/ sin ^ - e - i^ir + rj - (a + x^^ = 0 . . ( 1 ) 


A solution of equation ( 1 ) is of the form 

=■ a + + y sin {0 - \) 


and when the constants a, /S, 7 , a and X are eliminated equation 
( 1 ) becomes 




g . A + U) Bin- (a + a;o)cqs^} 

r+ ^ (r + r^)^ +(x + x^)^ ^ ^ 


This, then, is the state of affairs during the period to 

TT - 0^. 


Period when the A.C. and D.C. Circuits are Short-cirouited. 
D.C. Circuit. Period n- - 0^ to ir + 0^. 


. , . din 

- e - -ijCr + ra) - x-^ 
and the solution of (3) is found to be 




H 


r + n 


+ A^e 


(3) 

(4) 
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A.G. Girouit. 

di. 

E Bind -+ ^i)-=0 . . (5) 


Integrating this in the same way as equations (1) and (4) the 
solution is 

= • ( 6 ) 
“ ® (^o + n) + ^0 

The equations (2), (4), and (6) then represent the instan¬ 
taneous currents in the two circuits under the two sets of 
conditions. There are other conditions, however, which repre¬ 
sent a state of sparkless commutation: at the position repre¬ 
sented by TT - ^2 iiliQ currents must be equal, and at tt + 6-^, 

=■ at 6^, and is equal and opposite to -ig at tt + 6^. 

These conditions may be written in the form 

ii{6 = TT - ^a) = i^id = TT - ^ 2 ) “ = TT - ^a) 

and =3 di) =» i^(d => tt + 6-^ ■=» — i^{6 = tt + ^ 1 ). 

The four equations connecting the circuit constants are thus 
obtained, viz.:— 

_ g ^ A + ^0) Bin ^a + (« + «o) cos ^2} 

’• + ro ^ (r + ro)® + (a? + x^f 


r + 7’2 




+ - 


= A^e 

E{(ro + rj) sin 6^ + cos 0^} 


(J) 


and 


r + ro 


(ro + 7 * 1 )® + Xo^ 

, A r o. - (« + «o) COS ^ 1 } 

(r + ro)*^ + (a; + a:o)^ 


r + ra 


- A«e 


rg + n 
®0 


(it + Bi) 


+ n) sin - Xo cos ^1} 

(ro+ri)“ + a!o« ' 


The following quantities have to be obtained from these 
four equations ( 7 ) and (8), viz.:— 

e, E, r, ro, x, x^, r^, rg, 61, 9 ^, Aj, Ag, and A3, 
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and it is therefore necessary to assnine values for nine of them 
before the equations can be solved. 

If the counter E.M.F. consists of a battery under charge 
there is a further equation which may be evolved to provide a 
greater latitude in the choice of constants. For any given size 
of battery the best charging current is a fixed quantity. Call 
this value then the condition is that the mean value of i 
shall be equal to 1^. 

From equation (2) 

i = _ _ . A E {(r+ ro) Bin ^ - (x + x„) cos 

^ r + ro ^ (r + + (x + 


and the condition is that the mean value of Zi during the period 
to TT - less the mean value of ig during the period ir - 6^ 
to TT + (since during this latter period the battery is being 
discharged) equals Im, and hence 


^sr = 




TT — $2 

ildff 


0l 



ir+tfi 

ijidO 


v-6i 




These five equations, (7), (8), and (9), are the characteristic 
equations for a mechanical rectifier of this description, and 
from these general equations the particular cases of the various 
circuits con be calculated. The first case to be considered is 
that of accumulator charging by synchronous rectifiers. 

Theoretical Analysis—Batteiy Charging.—If an ordinary 
alternating current supply from a transformer be used for this 
purpose with no inductance in circuit, the voltage and current 
may for all practical purposes be taken to be in phase, and the 
counter E M.F. constant (this latter condition is not strictly 
true, as the battery E.M.F. increases as the charge proceeds). 
These conditions result in zero values for and Xq, 

Further, it will he shown that if an inductance is inserte’d in 
the secondary side, that is, if x has any appreciable value, the 
current equations generally become impossible of solution. This 
may be readfiy demonstrated—assume that the circuit constants 
have the followmg values :— 

e = 110, r - 6, a; = 10 and r 
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then equating the current equations as has been done above 

110 j -o-6(tr-fla) sin ^2 + 10 ^2} 

- -g- + + 


XAU j 

^ “ '60" 


00, -, 


for the conditions ^ =» 

When 

(0 = 0i)== h (0 

then 

_ 1?^ + + 
50 ^ 


when 0 


E sin ^2 
= TT - ^2- 


nr + 6^ — - {6 = nr -V 0{) 


E{5 sin - 10 cos ^1} 


“^(’>■+ 01 ) 


50 125 

60 

and from the second equation of (10) and (11) it is obvious that 
Ox and 0^ cannot have identical values. Thus the point of cut¬ 
off of the battery cannot be the same as the point of cut-in and 
sparking will ensue. If the equations are solved with the 
values assigned it will in general be found to be impossible to 
arrive at a positive value for both the resistances and r2 in 
every case. It can therefore be assumed that the equations are 
meaningless if an inductance is present in either the secondary 
side of the transformer or in the rectifier circuit. The practical 
view of this result is that sparkless commutation is impossible 
in battery charging where any inductance is present, and it is 
therefore necessary to reduce it to a minimum value. This is 
also true in the general case where any constant counter E.M.F. 
is in the load circuit. 

In the ensuing calculations, therefore, x is assumed to have 
a zero value and the equations contract to the following:— 

e E^m0 

e= — - 

r r 


E sin 6 
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Inserting the terminal conditions for the points of cut-in and 
cut-off 

e . E sin 0^ _ e E sin 0^ 

r 


- - + 
r 


r + rg 7-1 

for 0 = •jr - 0. 


when ii = “ 

and 

_ e ^ E sin ^ _ e ^ jEJ sin 

r r ^ r + r^~ 

when {0 = = ig (^ = tt -f- ^i) = - ig (^ = tt + 0 ^) 

It follows that 0x ■= 0% and the four equations become 

_ e ^ sin ^ _ e E sin 0-^ 
r r r + T-j ™ 7*1 

The condition that the charging current must be within 
certain limits is given by 

T e ^ 2E cos 0. 

+ r(^ - ze,) ■ 

Eliminating E from these equations 


. (12) 


E sin 


and 

whence 


in = 41 - -AJ) = _£r- 

Vr r + r + 

B cos =. 

2 


tan 0 = 

^ (r + r^XIjtt*" + e)(7r - 2^i) 


(13) 


If this equation is solved for it will he found that for 0i to 
have a value between 20° and 30° 

{r+nwlr + O “"ist equal unity, 

which results in a quadratic for r, 
and finally 

^ + ^ + - (ImTs + e) . 

2Xm ■ • 

Thus (assuming 0^ = 20° to 80°) the resistance of the 
secondary circuit is completely dependent on three factors, viz. 
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(i) the number of cells (that is on e), (ii) on the charging current 
(that is on 7 a/), and on the shunt resistance 7*3. Now the charg¬ 
ing current Im will to a certain extent determine the size of the 
battery, and on this factor will the amount of current which 
can be allowed to flow through the short-circuiting resistance 
depend. 

As an example let one-ninth the charging current flow 
through the short-circuiting resistance 7*3, and 

Im ^ 

T “ rg* 

Equation (14) then reduces to 

r = 0-09267-a. 

Filling in this value in equation (12) 


^ ” 1-0926- 

It has been stipulated that 

tan ■= ^ . which gives 

TT — 

61 approximately 23“ 
and hence E *= 2'86e. 


It IS now possible to ascertain the current curves for any 
particular case, and accordingly the following size of battery 
will be considered :— 

The counter B.M.F. e = 110 (i.e. 56 cells) with a charging 
current of 18 amperes. Then 

E = 2'35 X = 258 volts (maximum) 

= 183 volts effective 


and 

and 

Thus 


rg “ -jr- = 65 ohms 
^ Im 

r =* 0‘0926, rg =» 6T ohms. 

(268 sin d - 110) 

“ 6*1 
= 50*7 sin e - 21*6 

110 1 QQ 

^2 *= " 5 + 53 “ l'°° amperes. 
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These equations may be tabulated as in Table XTI. and tho 
current curve will be as shown in the accompanying Eig. 70. 


TABLE XII. 


e. 

0. 

23. 

30. 

60. 

90. 

120. 

h 

— 

-1-7 

8*8 

48'9 

60*7 

48-9 


-1-8 

— 

— 

— 

— 

— 


160. 

8-8 


167. 


-1-7 

-1-H 


IHO. 


-1-H 


UOIJ. 


.^1-H 


The average value of the current is seen to be 18*3 ainperos 
which agrees with the figure allowed. 



Pig. 70 —Battery charging current wavo. 

If no short-circuiting resistance is required thou 


2e?’n 


where 
and hence 
Also 

and 


(r + r^ijatr 4- e) 


CX) 


2 e =■ I^r + e, or 6 « /j^r. 
e = B Bin 6^ 


j luB sin 6 _ 

^ -I 


M 


and m the abovS case 

E = 281 volts, r - 612 ohms, and i 


0. 
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As before = 23“ 

and == 46 sin 0 - 18. 

Rectifier supplying an Inductive Circuit.—When the 
counter E.M.F. is zero and the load consists of an inductive 
circuit, the case is somewhat different as both r and x must be 
taken into consideration. As before == 0, 

The equations for the current wave then become 


and 


-Jfi E(r Bin 0 - X cos 0) 

h = 

_ r + r^ g 

<= A 
E sm 0 

Cut-in and cut-off conditions give rise to the equations 

E(?'sin ^2 + a; cos 
+ '■ 

=" jE^ sin 

for the period when 6 - - 0^, and ii =■ 4 = 4- 

And further 

. E{r sin 0-^ - x cos 0^) _ . «i> 

+ ,.3 + j;2 

= E sin 0Jri 

when \{0 => 0^) = i.^{0 = tt H- ^i) *= - 4 (^ = tt + 0 ^. 


In these equations there are nine unknown quantities, and 
as four equations are available, five of these unknowns must be 
chosen. 

To taka a numerical example, choose the following values 
for the five constants 


E = 141 volts, ^3 = r = 10 ohms, a; = 20 and rg 


5 ohms. 


Filling in the values in the equations above 
0270 + 6-30 « 0-141 

ri 

8 
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and + 2'82 sin 6i - 5*64 cos 0i = 

_ 141 sin $1 
ri 

Eliminating A-^ and 

e -o-76(-+fli) = 0*283 sm 0^ 

whence by trial 0^ is found to be 16“. 

From this 


Ai => 66*7, Ai = 11*5, and »i = 7*46 ohms. 

The equations for the instantaneous values of the currents 
then become 


ii = ll*6e~®‘“ + 2*82 sin ^ - 6*64 cos 0 
is = 66*7e-°-^“ 

*8 = 18*9 sin 0 

which may be set out in tabular form 

TABLE xm. 


0® 

16. 

30. 

h 

6-8G 

6-38 

♦a 



*1 

3-90 

7-06 


60 . 

6*48 

12*2 


90 , 

8*07 

U-1 


120 . 

9*29 

12-2 


160 . 


9-89 

9-42 

9*46 

7-06 


180 . 


6*38 

0 

0 


106 . 


6-06 
- 9-46 


i\ is the equivalent sine wave with no inductance corre¬ 
sponding to a condition of a = 0 whence 
E &m. 0 
^ r 


14*1 sin 0. 


These values are plotted in Fig. 71 and it will be seen, com¬ 
paring 4 and ig with i\, that the effect of the inductance is to 
tend to smooth out the inequalities of the wave rather than to 
shift the current wave relatively to the space and time scale, as 
IS usually the case in A.C. circuits. 

The mean value of and ig is approximately 7*5 amperes as 
against the effective value of 7*63 amperes—giving a form factor 
of 1*04, which compares with the sinusoidal factor of 1*11. 

It should be explained that as ^ is the current in the D.C. 
side during the period of short-circuit, and the conditions stated 
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that at the time represented by tt - ^ = a’a, the continuity of 

the two curves forms a check on the arithmetic of the calcula¬ 
tions. 

Constant Current System.—The above cases apply only to 
a condition of constant potential. If the supply is at a constant 
current, different conditions prevail and new equations must be 
evolved. 



Fig. 71.—Oonstani; pofeeaMal reotifler with induotanoe in D.O. olrouit. 


As before a resistance short-circuits the rectified circuit 
during the period of rectification, but this resistance is not dis¬ 
connected when the A.C. and D.C. sides are electrically joined 
to one another. 

Let ^ be the instantaneous current in the rectifier and 4 
the current in the resistance; and further suppose the supply 
current is of the form 


ig =» I sin 6 . 
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Then the differential equations connecting the various 
quantities are 

4 i + ia = I sin 6 


and 


di-. 


and from these two equations the instantaneous current in the 
rectifier circuit may be obtained. 

Eliminating 

dii 


dd 


+ 4*1 (r + ra) - Ir^ sin ^ = 0. 


The solution of this equation is of the form 

' - A ~ A. ^2 + ‘i’i) sin ^ - a; cos $} 

2 


(r + ra)^ + a;® 


In the period of short-circuit 


nr + ® j - 0. 


"Whence 


= ^ 2 ® ■ 

At the time instant represented by ^ = tt - ^a 
ij — = I 9 

and also 

i^{d = ^i) = i^(6 = TT + = Z sin ^ (0 = 

from which the four characteristic equations may be obtained. 
These are 

A + ra) sin 9^ + x cos ^a} 

(r + ra)^ + 

= ® ■= I sin ^2 


and 


:^^{(r + rj) sin 9^ - x cos 9^} 
(r + r^f + a;“ 


(15) 


-~(ir + fli) 

A,e^ =1 sin 9, . 


(16) 
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It is interesting to take an actual case, and the following 
values may therefore be assigned:— 

J = 60 amperes, = 5 ohms and a: = 10 

from which 

92.5e-oB(n-+ffi) „ 50 sin 9^ 
and by drawing the curves for 

and 50 sin 9^ 

the point of intersection is found to exist at 9^ = 19°. 

Filling in this value, the equation for will be 

c - 1*144 - 0 220J*a 1016 — rji 

6-60 + I'SOrj’ 

and by again drawing two curves for various values of rg, 9‘26 
ohms will equate the two sides. 

Eliminating 9j and Ai = 37’0. 

The equations are then solved and the three currents are 
represented by 

= 37e+ 21-65 sin 9 - 15-4 cos 9 
S = 92-5e-o-6« 

^8 => 50 sin 6. 

Tabulated for various values of 9 the results given in the 
table are obtained. 


TABLE XIV. 


eP. 

19. 

SO. 

60. 

90. 

120. 

160 

180 

199. 


16*0 

16*0 

19*4 

26-6 

28*86 

26 05 



*9 

— 

— 

— 

— 

— 

26 00 

19*8 

16*3 

H 





— 

26*00 

0 

- 16*3 


Fig. 72 illustrates the current wave in this case. 

As before a check on the accuracy of the arithmetical work¬ 
ing is given by the result, first of all at the angle tt - (in this 
case 160°) and at this point then again at tt + 

( = 199°), should equal at (= 19°) and ^ at (tt + =■ 

- 'ig at (tt + ^0. 
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It will be seen from the above table that this is not strictly 
true, but as in all of these examples at some point in the 
calculations, a small difference between two large quantities is 
involved, and also the exponential of a large quantity, if extreme 
accuracy is required, the working should be conducted to four 
or five places of decimals which involves laborious calculation. 
These results have been obtained with the aid of a lO-inch 
slide rule, and indicate what may be expected in the way of 
accuracy, viz. in this case 3 to 4 per cent. 


i, (l9"- ISO*) i= 37 ® + 21- 65 SIN 6 “ 15-4 COS 6 

1^(150*-199*)= 92*5 



It is important, if the rectifier is required to supply a current 
in which the maximum and minimum limits do not differ greatly 
from the mean, that the rotor should be accurately adjusted 
relatively to the brush gear, i.e. that the angles 6^ and 0^ should 
be properly marked off and registered against the central or zero 
position. In a three-phase supply this can be accomplished by 
disconnecting one phase, and passing a small current through 
the remaining phase, which will ensure the rotor coming to 
a standstill at the midway position between the poles. This 
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position will enable the zero line XX in Fig. 69 to be reg¬ 
istered, and Ox aiid can be marked off on each side of this 
line. 

In some manufactures of synchronous commutators a 
special timing gear is mounted on the shaft enabling the 
angle of advance or lead to be adjusted whilst the machine 
is in operation. 

Transverter.—“ Eeferring to Fig. 46, the diagrammatic re¬ 
presentation of a Gramme ring, the usual arrangement is for 
the armature, containing the regularly spaced winding which is 
tapped at intervals and connected to its commutator in the case 
of a D.C. machine, to rotate between the field poles, and 
stationary brushes collect the continuous current. It will be 
apparent that the machine can be inverted, in which case the 
armature windings and commutator would be stationary, and 
the magnetic field and brushes would rotate The rotating 
magnetic field need not be generated by any rotating pole pieces 
or field coils, as it is well known that a three-phase field system 
will engender a rotating flux, and provided that this flux rotates 
synchronously with the brush gear the same effect will be 
produced. Such a system is the basic principle on which the 
transverter is founded, and it will at once be apparent that the 
stationary windings can be insulated for high voltages and will 
not be subjected to centrifugal stresses. 

“ The first experimental Transverter has a nominal rating of 
250 K.W., and when the primary winding of the transformer is 
supplied with three-phase current at 2000 volts and 60 cycles, 
the machine vdll deliver 2*5 amperes of direct current at 
100,000 volts. It consists of a number of static transformers 
connected to the three-phase supply in such a manner that 
each goes through its normal magnetic cycla All the trans¬ 
formers, however, have different phase displacements, and in 
only one is the flux passing through its maximum or mimmum 
value at any one instant. The secondary coils, therefore, have 
voltages induced m them which are displaced in time in the 
same manner as the magnetic fluxes in the different cores. 
The secondary coils correspond to the armature coils of a direct 
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current generator of the Gramme ring type which all come in 
turn under the influence of the poles and also follow on in 
deflnite order through their positions of zero voltage. 

“ The experimental machine comprises six three-phase trans¬ 
formers, or the equivalent of eighteen single phase transformers. 
Each transformer leg carries two secondary coils, one of which is 
connected in reverse direction to the other. The result is that 
the secondary current consists of thirty-six distinct phases, evenly 
spaced in time, with a phase displacement between any one and 


X 



Y 

Pig. 73.—Phase lelataonships in transvertor. 


the next of ten electrical degrees. Eeference to Fig. 78 will 
make clear the relationship between the secondary phases. The 
thnty-six radial lines are rotating vectors, representing the volt¬ 
ages induced in the secondary windings. The projection of each 
on the vertical XY gives the instantaneous value of the induced 
voltage m that particular winding at the moment oonsidered. 
For example, the length OZ represents the voltage in the phase 
13a. The number at the end of each vector is the phase 
number of the corresponding secondary coil, and it will be 
noticed that the numbers with the letter a affixed are opposite 
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to similar numbers without the affix. Each pair of coils witli 
the same numbers are on the same core, but are connected in 
the reverse direction, as explained above, in order to get the 
required phase displacement of 180 electrical degrees. 

“As the sequence of the numbers in Pig. 73 indicates, the 
phases are not grouped in numerical order in the transformers, 
but a three-phase grouping is employed on the primary side and 
a six-phase grouping on the secondary sida The six-phase 
secondary of the first of the six three-phase transformers which 
constitute the machine, comprises phases 1, 7, 13, la, la, and 
l^a ; the next transformer carries the secondary phases 2, 8, 
14, 2a, 8a, and 14a, and so on. The transformers themselves 
are arranged in two tiers of three transformers each, for im¬ 
mersion m the oil tank. 

“ The primary, or low tension, windings of each phase are all 
connected in series, the three phases being star-connected. 
The three cores of Transformer No. 1 carry one primary wind¬ 
ing each. All other transformer cores are excited by two 
separate primary windings connected to two dififerent phases. 
The three-phase system being balanced, the current will have 
the same value in each phasa The magnetising force of each 
primary winding will, therefore, be proportioned to the number 
of turns, and in those cores carrying two primary windings the 
total magnetising forces will be the resultant of the magnetising 
forces produced by the separate phases. It is obvious that by 
combining magnetising forces of different values and phases, 
any required phase displacement of the magnetic cycle of any 
particular core may be obtained. The ease with which the 
phase displacements can be obtained will be understood from 
Figs. 74, 76, and 76. The first of these diagrams represents the 
magneto-motive force in any one of the three cores of trans¬ 
former No. 1, which, it will be remembered, are respectively 
excited by the three phases of the main alternating current 
supply. In the corresponding core of transformer No. 2 an 
equal magneto-motive force is, of course required, but it has to 
be displaced by 10 degrees with reference to that in transformer 
No. 1. This is obtained by winding the second transformer 
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limbs with two coils, one composed of twenty-six turns of one of 
the pnmary phases, and the other composed of six turns of 
another of the other phases connected in a reverse direction. 



The total magneto-motive force of the two combined is, as will 
be seen from Fig. 76, equal in magnitude to that of the corre¬ 
sponding single coil on the first transformer, but displaced by 
10 degrees. The limbs of the third transformer are wound with 



twenty-two turns of' one primary phase and twelve reversed 
turns of another, thus giving a 20-degree phase displacement 
of the magneto-motive force. By similar methods the whole 
of the required thirty-six phases can be obtained. 
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“ The coils forming the secondary, or high tension, windings 
are evenly distributed on all the eighteen cores, so that there are 
the same number of secondary turns on each transformer. The 
electro-motive forces induced in the secondary coils are all equal 
in value, but are displaced in phase from each other in exactly 
the same manner as the magneto-motive forces. The winding 
is a two-circuit one, and is electrically equivalent to a 2-pole 
G-ramme ring armature ,although the resemblance is not 
recognisable in the actual construction. The two circuits 
correspond to diametrically opposite phases in Fig. 73, and 



Fia. 76.—Hilagueto-motiive force relafeionships in transverter. 

they are connected to the commutator in opposite directions to 
form a singly-re-entrant winding. 

“ In the Transverter the secondary coils, which are opposite 
in polarity and voltage, are carried on the transformer cores, 
and are connected to the commutator in opposite directions. 
Thus coils 1 and \a have their voltage induced by one primary 
winding; coils 2 and 2a by another primary winding, with the 
requisite phase displacement. The voltage distribution round 
the commutator at all loads is of a sinusoidal form, and as there 
can be no field distortion in the Transverter a higher voltage 
per bar is permissible on the commutator without danger of 
flashing over. Referring again to Pig. 73 which shows the 
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phase displacements of the secondary windings, at the instant 
depicted coils IG and 16a are at zero potential and are therefore 
in a position suitable for commutation. The first-mentioned 
coil is changing from positive to negative and the second from 
negative to positive, and their positions correspond to the 
positions of the brushes on the commutator. The coils between 
the brushes are in series and their effects are cumulative, so 
that the resultant potential of the whole of the coils is obtained 
at those coils which are connected to the brushes at any 
instant. 

“ The coils are all going through their magnetic cycles with 
the frequency of supply, and in their proper order, so that if the 
coils are considered as fixed, as they are in the Transverter, it is 
evident that each brush must travel completely round all the 
coils in one cycle of the field. With a frequency of the current 
in the primary windings of 60 cycles per second, the brushes 
should therefore rotate at a speed of 3000 revolutions per minute, 
The connections to the commutator can, however, be so arranged 
that all the coils can be passed by the brushes in one-half or 
one-third of a revolution, when a brush speed of 1500 or 1000 
revolutions per minute will be adequate for tho respective 
cases. 

“ The secondary windings comprise 2296 sections of 30 turns 
each to give 100,000 volts at the terminals of the machine, and 
there are consequently 2296 commutator bars. In order to limit 
the voltage per commutator, and also to reduce the diameter 
which would otherwise be necessaiy, the commutator bars are 
arranged to form eight commutators, which are connected in 
series by the brushes. This arrangement of commutators has 
several advantages besides those mentioned, such as tho dividing 
up of the whole voltage and the greatly increased sparking and 
creeping distances which the design permits. The secondary 
windings are also divided into eight entirely separate and distinct 
windings, each connected to its own commutator and thoroughly 
insulated from the next and from earth. The windings are 
only connected to each other through the commutator brushes. 
A point of mid-potential between the terminals is connected 




Fig. 78.—Transverter comniufcaLor (stationary) 

\To face page 124. 
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through the commutator shaft to earth, so that the greatest 
difference of potential between any part of the windings and 
earth cannot exceed 60,000 volts. The arrangement of the 
eight commutators with their brush connections and the 
mid-point earthing connection is shown diagrammatical ly in 
Fig. 77. ' 

“ The commutators are of the disc type, the bars taking the 
form of copper studs (Fig. 78). They are arranged in circles 
of 24 inches diameter, with an air space of slightly over inch 
between successive bars. The maximum voltage per bar is 
264 volts. 
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Fxq. 77.—Trauflverter brush gear (diagrammatio). 


Driving 

MOTOR 


“ The brush gear is driven by a 16 H.P. synchronous motor, 
taking three-phase current 60 cycles at 2000 volts from the 
same supply as the Transverter. The motor is excited -with 
direct current at 110 volts, and is fitted with dampers to prevent 
hunting and to enable it to start as an induction motor. 

“ The rotating brush gear is illustrated in Fig. 79, and the 
transformers and synchronous motor in Fig. 80.” 

Small Commutator Rectifier.—^An example of a small type 
of synchronous rectifier is that made by the Crypto Electrical 
Co., which consists of a vertical shaft motor driving a special 
commutator for rectification. The motor is self-starting as an 
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induction motor, the rectified supply being used for the excita¬ 
tion of the synchronous motor. 

The rectifier with its switchboard is illustrated in Fig. 
82 a and h. 

The commutator consists of two copper semicircular rings 
separated by two insulated sectors as illustrated m Fig. 81. 

Four brushes press on to the commutator, two of which are 


RECTIFIED 

CIRCUIT 
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connected to the A.G. supply, and the remaining two to the 
rectifier circuit. No data is available as to the wave form of 
this particular machine, but there is no doubt that it will give 
a biphase rectification with a form factor approaching that of an 
ordinary sinusoidal wave. 

A series of tests taken with this machine supplying current 
to an external non-inductive load gave the following results;— 

TABLE XV. 


Amperes ou Movlug 

Iron Meter. 

Amperus ou Moving 
doll Meter. 

Vnlts. 

Form 

Fautor. 

2-06 

1*76 

17*0 

1-17 

2*45 

2*10 

17*0 

1*10 

2-80 

2*40 

17-6 

1-10 

8*40 

2*90 

17*4 

1*17 

4-10 

8*60 

17*2 

1-17 

4*80 

8*76 

17 0 

1-16 

4*92 

4*26 

17*0 

1*16 


The form factor for a pure sine wave is 1*11 and it is evident 
that the wave is approximately sinusoidal. It is noteworthy 
that the voltage drop on load, or in other words the regulation, 
is good and the rectifier would prove suitable for battery charging. 




Fig. 89 a aoid &.—Small synchioiiouB commutator rectifier set. 
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Mercury Jet Collector.—To overcome the dilliciillios attoncl- 
ing the employment of brushes and their gear, Latour doscribeH 
a method employing liquid jets impinging on the equivalent of a 
commutator, and the method which is described in the “ Revue 
G6n6rale de I’i^llectricit^ ” has met with some success. The 
problem is, of course, bound up with the current-carrying 
capacity of liquid jets, which will therefore be briefly considered,. 


Let the length of the jet be . . . I 

and its cross section. s 

The continuous current . ... I 

The rise of temperature G degrees . . 6 

Velocity of jet.w 

Specific heat of liquid . . . . <t 

Density of liquid.A 

Resistivity. p 

Resistance of length dl . . . .11 


Let an element of the jet dl travel the distance I in t seconds, 
then the heat generated is 

Q « RTH watt seconds. 

BIH , . 

•=» calories 

where J - 4*2. 

But also Q 8 dl ffA<r. 

Therefore BPi - Js dl crbB. 


Now 

and therefore 


22 - CJi*' and 
8 


p dl 
8 

- IvOAJa- 
W-oT' ■ 


t - - 

V 


or if 
then 


'--Vt 


( 17 ) 


For mercury Jc « 141 and hence if a temperature rise of 50" 0. 
is specified in a jet of 4 mm. in length, the current density can 
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be 600 amperes per square millimetre, assuming such a pressure 
m the liquid that the jet would rise 10 metres in height if pro¬ 
jected vertically. 

Thus the use of a mercury jet will enable very large current 
densities to be employed with comparatively small temperature 
rises. In this particular case 1*4 K.W. of energy will be dissi- 
.pated by the outflow of metal from the commutator, but no 
account is taken of the losses by radiation, conduction, and con¬ 
vection. 

With regard to the embodiment of such jets in apparatus, 
Latour has constructed rectifiers up to 30 K.W. capacity, i.e. 
supplying currents of 260 amperes at 120 volts of a polyphase 
type; the efficiency of such a rectifier is of the order of 97 per 
cent. 

In the example under consideration the losses were made up 
as follows;— 

Mechanical losses in the jet . 330 watts 

Joulean losses in the jet . . 230 „ 

Commutation losses . . . 165 „ 

Total 726 „ 

and with an output of 30 K.W. the efficiency is 97'6 per cent. 
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CHAPTEE VI. 

MEOHANIOAL REOTIPIERB {cont,). 

Extra High Voltage Ebotipiees, Vibrating Ebbds, Etc. 

Description.—Extra high voltage, synchronous rectifiers of 
the spark type have a restricted use, on account of the small 
power outputs capable of rectification, and they have usually 
been replaced by the kenetron or thermionic tube, described in 
Chapter XIL 

As the demand stiU exists, however, the principles involved 
will be discussed and several types of rectifier described. 

Generally the high voltage, synchronous rectifier consists of 
a disc rotating synchronously with the supply, provided with 
one or more insulated segments, which are in some cases 
suitably connected to slip rings for leading away the current. 
Connection is made with the supply by the medium of a spark 
the equivalent of stationary brushgear, which in this case 
consists of metal spheres set at a predetermined distance from 
the periphery of the disc. 

In order to overcome the possibility of a flash-over between 
the segments at the commencement of the period of rectifica¬ 
tion, the disc is made of large diameter and the segments are 
therefore of considerable circumferential length. When the 
metallic segments approach within sparking distance of the 
spheres, conduction takes place through the spark. 

Diagrammatioally the segments are arranged as in Eig. 83 
which illustrates a design where no slip rings are required; a 
double spark being necessary for conduction in each supply 
lead. 


9 






Aomo rectifier. 


I'J'o fiirci I 
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in the circuit by the inclusion of limiting resistances or react¬ 
ances. In the case of dust precipitation by electrostatic moans, 
however, the case is different. Elue gases, which it is desired 
to clean, and from which the valuable potash dust held in 
suspension can be recovered, are passed into a chamber which 
consists of a cylinder at earth potential, through which is 
threaded a fine wire at high potential above earth. The flue 
gases are arranged to come into contact with the wire, and the 
dust particles are charged positively in consequence; they are 
immediately attracted to the negatively charged cylinder walls 
where the charge is neutralised and the particles drop into a 
suitable container. The actual details of design are unim¬ 
portant for this purpose, but it is necessary to note that it 
frequently happens that a chain of dust forms between the pos¬ 
itive and negative electrodes through which a current can pass, 
charring the particles and causing what is practically a short- 
circuit. The transformer with the bad regulation is therefore 
desirable vnth this type of load as well as that of the X-ray tube. 

Details of Construction.—In the construction of these 
rectifiers one of the greatest difficulties is that of insulation on 
account of the high voltages used. The Acme International 
X-Ray Co., Ltd., of Chicago have manufactured rotors which 
will stand up to 282 to 300 K.V. by making use of thin 
walled paper-shellac tubing for the shaft, instead of the waxed 
wood previously used. This form of shaft does not warp and 
retains its insulating properties in humid atmospheres. The 
cross arms in one particular design were about 3 feet long 
spaced 33 inches apart, and the total length was 12*6 feet. An 
illustration of this type of rectifier is given in Fig. 84 and it will 
be noted that for voltages above 200,000 two 100 K.V. rectifier 
units are connected in series. 

If sharp edges or edges of small radius are used, corona 
effects will be inevitable at high potentials (see Chapter VIX, 
page 166), and spheres and sections of anchor rings (spherical 
toroids) of large radius are often ^ployed to eliminate loss from 
this cause. At the same time the approach of the toroid renders 
the gap equivalent to a sphere gap, rather than one of the needle 
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type; and it is well known that the former is much more reliable 
than the latter. During the operation of the rectifier the mini¬ 
mum air gap between the spheres and toroids is about i’,, inch, 
and arcing takes the form of short local sparks in place of the 
usual extensive brush discharge. 

Wave Form Required in X-Ray Work.—The wave form 
of the current supply to X-ray tubes is of great importance, and 
has been the subject of research for some time past. The 
results of some of the investigations by M. A. Codd, where the 
wave forms of current from induction coils are compared with 
those from rectifiers, are reproduced. 



a. b c d. 


Fia. 86.—(a) Gas tube with ooil and 
interrupter; (6) Ooolidge tube and 
ooil; (c) Ooolidge tube with trana- 
forzuer and rectifier; (d) ideal with 
curve high peak and long duration. 


In Fig. 86 four such curves 
are illustrated and their general 
shape has been substantiated by 
oscillographic records. It is 
well known that it is only the 
maximum or crest value of the 
current which produces useful 
X-rays, the remainder being • 
spent in heating up the tube, 


which is an undesirable feature. 


For example, of the four curves above, {d) is the best wave form 
to use for the purpose, and if the supply is from a separate 
motor generator special designs must be prepared to attain this 
wave form, by modifying the windings (and thus the flux 
curve) and by means of special field poles, so as to induce a 


AA_ 

Fig. 86.—Wave form with 
spark gap 



Fig. 87.—Wave form with 
no spark gap. 


flat, broad voltage wave. This is satisfactory to a certain 
extent, but the wave form of the supply voltage is usually 
beyond the control of the radiologist, and other means have to 
be adopted. 

If in an X-ray circuit a plain spark gap is substituted for 
the tube, the wave form of Fig. 86 results, and if the gap is 
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short-oironited the wave is again modified as is depicted in 
Fig. 87. 

In both of these oscillograms it will be noted that the voltage 
curve is not truly sinusoidal, but has a zero value for a short 
portion of the space axis. This is due to the geometry of the 
rectifier, whereby a short time elapses before the spark takes 
place between the spheres and the segments, after the voltage 
has risen above the zero value. The step which led to the 
improvement in design, by which the desired form was obtained, 
was the use of the spheres and toroids, which resulted in oscillo¬ 
grams of Fig. 88. The ascending steep portion of the wave 
is due to the extra curvature of the collectors, and the quick 
descent to the use of an air blower to extinguish the spark. 

The gaps between the waves in Fig. 88 will be affected by 
a variation in the embracing angle of the sectors, which in 
practice may vary from 22° to 46°. 

Elimination of Surges.—With all of these devices, oscillo¬ 
graph records reveal the presence of a high percentage of 
harmonics of which Fig. 89 is an example. 


n r\ 

Fig. 88.—Wave form with 
spheres and toroids. 



Fig. 89.—Harmonlos in a 
reobifler oirouit. 


These harmonics are no doubt due to transients set up by 
the passage of the spark from the sphere to the segment. Any 
surges miiy be reflected in the rectified wave and should be 
eliminated where possible, as in the case of a resonant circuit, 
which may easily occur, if the inherent inductance and capacity 
of the plant and wiring have suitable values, the fuses or 
breakers may continuously cause trouble, apart from the more 
serious possibility of a breakdown in the insulation of the trans¬ 
former or coil. This suggests the advisability of as smaJl a 
spark gap as possible in the rectifier, and to the necessity of 
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restricting the energy dissipated in the spark to the minimum 
possible limits To this end the insertion of a capacity and 
resistance across each of the gaps would no doubt be beneficial, 
but the difficulty of applying this remedy is in the calculation 
of the correct values of such an impedance, as the insertion 
of incorrect values might have the opposite of the desired 
effect. Research on this point would be the only method to 
enable the correct values to be ascertained, and such results 
would be of importance as improvements in design would 
result. 

Improvements in Design.—Considerable ingenuity has been 
exercised in the design of some of these spark rectifiers. The 

spherical toroid construction was 
an advance in the right direction, 
and Messrs. Lodge Cottrell have 
manufactured a synchronous rec¬ 
tifier suitable for operation directly 
from a three-phase supply, which 
removes a number of the difficulties 
due to sparking. An increase in 
the efficiency is also claimed in 
that the form factor approaches 
more nearly to unity : a desirable feature in cases of X-ray work 
and dust precipitation. 

This device depends on the fact that when, in the case of 
the three-phase current wave of Fig. 90, the oscillation in I 
reaches its maximum, the currents in phases II and III are 
exactly equal in magnitude and direction. It is accordingly 
possible to connect them together for a short space of time. In 
Fig. 91 this arrangement is illustrated in greater detail. An 
insulated disc has two metal contactors embedded in its periphery, 
and rotates between three sparking spheres I, II, and III con¬ 
nected to the three phases. In the position shown the disc has 
been so synchronised with the supply, that the voltage of I is 
at a maximum, and the voltages of II and III are equal in 
magnitude and direction; the unidirectional current is taken 
from the two slip rings A, and when the disc rotates in the 



Fia. 90.—^Three-phase current 
■wave. 


t 

, A 
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direction of the arrow the instantaneous potentials of the three 
sparking points can be visualised by considering a line XX in 
Fig. 90 moving in the plane of the paper, and in the direction 
shown, and cutting the sinusoidal waves at ordinates represent¬ 
ing the respective voltages. Thus from the position of Iwax. the 
voltage of II decreases and the spark lengthens between 11 and 

I 


ffio. 91.—^High voltage reofcifier with three-phase supply. 

the contactor. The speed of break can be so arranged by 
suitably designing the profile of the contactor that a current 
wave is obtamed similar to that in Fig. 92. 

Further improvement provides for the inclusion of a second 
disc on the same shaft and similar in shape to the first, but set 
so as to rotate 90° in advance. It is so connected electrically 



0 277 

Fig. 92.— Ourreut wave -with improved contactor. 

that after a period of short-circuit the current is diverted and 
passed through a resistance. Thus each phase of the trans¬ 
former is delivering current throughout the cycle and many of 
the troubles due to a rapid building up of high iron saturation 
are thereby avoided. 

This method is based on the arrangement of the mechanical 
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rectifier which has been treated in Chapter V, but it should 
not be assumed that the analysis there given is applicable in the 
present instance, although the general conclusions apply. 

In Fig. 93 is shown a modern 100,000 volt, disc type rectifier 
driven by a synchronous motor; the disc is directly coupled to 
the motor, and the high tension terminals of the transformer 
are connected to the opposite horizontal brush arms. These 
arms can be adjusted for length of contact to suit the load re¬ 
quirements. The upper brush arms are connected through the 
control switches to the load, and the lower arms are earthed. 
Timing gear (not shown in the photograph) is used for setting 
the contacts whilst the machine is running. Dust-tight, oil 
bath bearings of large size are employed, and these machines 
wiU operate continuously without attention for many months. 

Protective Resistances.—The inclusion of a series resistance 
in the high voltage circuit will afford a measure of protection by 



Eia. 94.—Protective reaistanoe. 



R 


absorbing a percentage of the energy of a surge and by limiting 
the current, and where possible it is always advisable to include 
such protection. A suitable resistance for the purpose may be 
easily constructed at a small cost. A glass tube Gr about -2 inch 
in diameter has several bulbs blown in it, and into the ends of 
the tube are inserted two corks through which are threaded 
copper wires which serve as electrodes, as shown in Fig. 94. 
The tube is filled with a saturated solution of copper sulphate 
in glycerine. The bulbs are provided to act as a fine adjustment 
of the resistance and the number required can only be ascer¬ 
tained by eisperiment. The current which the tube will safely 
carry is dependent on the heat dissipation, and as a guide to 
manufacture, one metre of tubing of internal sectional area 
equal to 10 square centimetres will have a resistance of ap¬ 
proximately one megohm, and the maximum current which 
can be safely carried is about 30 milliamperes. 












VIBBATING BBED BEGTIFIEB 


187 


VlBEATING EbED EbOTIPIBB. 

General.—This type of rectifier is shown diagrammatioally 
m Eig. 96, and will he seen to consist of a coil C supplied from 
a tapping from the transformer, the primary of which is con¬ 
nected to the main supply. The terminal A of the transformer 




is also connected to the reed E, and through the contact G to 
the adjustable rheostat and thence to the battery. 

If alternating current is supplied to the coil the force of 
attraction of the armature to the solenoid core will be 

Bh 
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where B is the induction and. s the area of the core. Thus the 
armature will be attracted each half cycle, and alternating 
current will he allowed to pass of a wave form similar to that 
shown in Eig. 96. 

The mean value of the current will be zero, and it is there¬ 
fore necessary to eliminate a portion of the negative wave before 
rectification is accomplished. A permanent magnet BN is 



Pia. 96. 


therefore included which neutralises the flux in the coil when 
the current is negative, polarises the device, and the relay will 
then deliver a current of wave form similar to that in Fig. 97. 

It will be noticed that a definite point of cut-off is obtained, 
due to the fact that an appreciable time will elapse after the 
impulse from the magnet and before the reed makes contact. 
This cut-off is important in cases of battery charging as if it 
were not present discharge would take place during each cycle. 



< I I I 

Fxo. 97.—Wave form from a vibrating read rootlfier. 

The type of rectifier shown in the illustration is obviously 
one which supplies a single phase wave form, i.e. one which 
provides a half wave of current followed by a half period when 
no current flows. It will be apparent that if the connections 
are as shown in Fig. 98, where the reed T vibrates synchronously 
owing to the force of attraction from coil 0, then biphase 
rectification will take place as shown in Fig. 99, the reed acting 






1S9 
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solely as a switch to change over from one half of the traiia- 
former secondary to the other; furthermore, no permanout 
polarising magnet is required. 

^0 00 OQQOOOOOQQOO 



Fiq, 96.—Biphase vibrating reed reotifler. 


A further improvement has been embodied in some makes 
whereby in Fig. 98 the permanent magnet is replaced by an 
electromagnet supplied from the battery terminals, in which 
case the polarity of the rectifier suits itself to that of the battery 
on charga 





Zn 

Fxq. 99.—Biphase vibrating reed xeotider—wave form. 


If a reed is made to vibrate by some external and periodic 
force, and its frequency is plotted against the displacement, the 
usual resonance curve, as shown in Fig. 100, is obtained, and 
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placement and the voltage in phase, and the secret of success is 
to make the current lead the velocity, in which case the reed 
will not function at a resonant frequency, and the amplitude will 
be reduced. If the frequency of supply is such that the reed 
operates at point X in Fig. 100 then the voltage and displace¬ 
ment may be brought into phase as shown in Fig. 101, see equa¬ 
tion (6). Further, if the supply frequency is equivalent to 
point Y (Fig. 100) the force may lead the velocity by 90“ and no 
electrical phase difference need be introduced, as is indicated in 
Fig. 102. 

At the same time at point Y (Fig. 100) the amplitude is 
much less dependent on the variation of supply frequency. An 



Fig. 101.—Phase relationships in 
vibrating reod roobiier. 


|VOLTAfiE,CURRENT,FORCE 
1 AND DISPLACEMENT 



Pig. 102.—Phase relationships 
in vibrating rood reotifior. 


additional advantage accrues from the fact that tho correct point 
of cut-in of the reed is essential to the successful operation of 
the rectifier, and the likelihood is, that with big amplitudes and 
higher voltages the point of cut-in may not be satisfactory, and 
a certain amount of chattering may occur when the reed comes 
into contact with the stop. The best point of operation can 
only be obtained by trial. 

Theoretical Analysis.—^As it is possible that rectifiers of 
this type which are cheaply manufactured and not easily thrown 
out of order, will be used largely in the future for tho charging 
of small wireless cells, the theory of their operation has been 
developed in some detail. 

The mathematical analysis of such a rectifier presents certain 
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difficultiuH whioh tir« not uasy of solution, and it is probable 
that a coinpleto Holution is uninua'SHary, ho that the problem 
has been ctnifincd to tho ootirtideration of tho reed alone leaving 
its adiuHtinent, ote., to he settled by trial. The design of a reed 
in HO far aa its natural period and relation to tho elastic con- 
stanlH arc coucormul, iw tnuitod under tho two headings of a 
loaded and an unloadod rod. 

Case of a Loaded Rod. -In Pig. 103 a cantilevor in the form 
of a metal spring in (dampod to a heavy support, and to its 
oxtroniity a mass \V is attached, which iw large compared with 
the mass of tho spring itsolf. Lot the mass of the spring be w 
per unit longth. ^Pho deflection of the spring can then ho con¬ 



sul. lOS.—tjoodud oaubilevor. 


siderod to bo due to tho weight W alone. At any plane 
the bonding moment to the right of tho section is 


and to the left 


W{1 - T) 


- El 


dal* 


where E is Young’s Modulus and I the moiuent of inertia of 
the beam section, hjquaiing and integrating, the slope of the 
curve is found to be 

- - wix - i w'®-'* + A 

d/ll 

and as “ 0 for ® « 0 therefore A •" 0. 

aas 

Integrating again, the detleotion is seen to be 
-Ely ^ Wlx^ - \Wx^ B 
and as 2 / « 0 for « -> 0 therefore B * 0. 
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The deflection 5 at the end of the spring is given by the 
terminal conditions 

X I when y h 
whence - Elh = ^ WP. 

If this loaded rod is set into a state of vibration by some 
external force, the inertia of the spring itself will have a modify¬ 
ing effect on the energy of the system, and the expression for 
the kinetic energy of the rod will be 


+ ^ Wv^ 
^9 


where v is the velocity of the weight W, and y = But as 
the deflection is small it is legitimate to assume that 

y 

y =|-x V 

and the above expression is finally 


WV‘ 


Kinetic Energy = 



m> 1 *’ + 


2^ 


_ 1 
2*72j 


dx + 


Wv^ 

^9 


- 


and it is seen that the effect of the inertia of the spring is such 
as to effectively increase the weight from W to (W + wl). 

The frequency of oscillation depends on the stiffness of the 
spring; and if this is denoted by e the periodicity is obtained by 
substituting e for the vibrating mass and equating the deflection 
to unity. 


Thus 


and 






2W 


W + 


= 1 or 


SEI 




SEIg 

{W+^IW 


and 


( 1 ) 
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Unloaded Rod.—Lord Rayleigh has shown that largo 
variations in the curvature of the deflection of a rod which is 
vibrating transversely have little effect on the period of vibration. 
The case of an unloaded rod may therefore be considered as 
follows:— 

Suppose that y is the deflection of a rod at any time t, at a 
distance x from the support, then the force acting towards tlio 
position of no deflection is 


— X 2 ^ per unit length. 

A proposition in the elastic properties of a beam states that 

d^y w 
dx^^Wl 


where w is the loading, or in this case the weight of the rod per 
unit length. Therefore 


dx*’ g dt 


or 



d^y 

dt‘‘ 


0 


(ii) 


where 


w 

^ Big' 


At this point the assumption is made that the motion is 
harmonic, and it can be demonstrated that tho error in so doing 
is small. It follows that 


y = y' cos m^at 

where m is any constant which must be evaluated; and y\ which 
is the maximum value of y, is the excursion of the end of tho 
rod. Substituting this value for y in the original equation 

d^y dS/ 3 

Si" 


and 


~ = - m*a^y cos m^at 


or further substituting in equation (2) 


C«) 


* 


4 
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The solution of equation (3) is 

y' ^ A cos wa; + E sin mx + G cosh mac + D sinh mx . . . (4) 
There are four conditions appertaining to a rod clamped at 
one end and free at the other which will enable the constants 
A, B, 0, and D to be eliminated, viz. 


when 


X = 0 


dy' 

dx 


0 



y' = 0 

a; = 0 


X = I 


dhj 

dx^ 


0 


X = I 


and substituting these terminal conditions in the original 
equation (4) 

cos ml cosh ml = - 1. 


Eeference to tables gives the first value of 
ml = 1'875. 

Hence the frequency of vibration is, from the equation 
y = y' cos m^at 
m^a m^ igBI 

^ 27r '2m y w 

and as ml ■= 1‘876 

( 1 - 875)2 

^ V to • 


Hence if a weight W be added to an unloaded rod such that 
W = hwlt the periodicity of free oscillation is altered in the ratio 


Periodicity (loaded) 
Periodicity (unloaded) 


1 

^l+4:h 


approximately. 


Natural and Forced Vibrations.—The natural frequency 
has been calculated for the two cases of a loaded and unloaded 
rod, and it remains to be seen what the effect will be of applying 
these results to the case of rod vibrating under the influence of 
an external force. 




10 
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The equation of motion of such a system is expressed by the 
differential equation 

Mij + hy \y = sin nt 

where M is the mass, 5 the damping factor, and the external 
force acting on the msiss according to a harmonic law and 
assuming the damping force varies as the velocity. In this 
case n is twice the frequency of supply as the force operates 
every half cycle. 

Eewrite the equation in the form 

y + OiKy + p^y =» /sin nt . . . (6) 

where * = i ^ and/= 


The solution of (5) is found to be 

/ sin S . , ^ , 

2/ = - S) + 


sin {qt + e) 


where 


sin 8 = 


2/cn 

- «“) + 4:K^n^ 


and a and e are constants depending on the initial conditions. 
It can be seen that, owing to the inclusion of an exponential, 
the term 

ae~*''sin (qt + e) 

represents a transient state of affairs, so that after a com¬ 
paratively short length of time, it decreases and eventually 
becomes zero; after which a steady oscillation persists of the 
form 

/ sin S . . ^ .. 

2'“ 8m(«J-S) 

which may be written 

f 

If now the natural period of the rod be made equal to the • 
period of the external force, i.e. if jp =« 
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and the rod oscillates with a maximum amplitude and with the 
period of the applied force. The maximum amplitude depends 
therefore solely on the damping factor h, the force Fq and the 
periodicity of the applied force and not on the mass M. The 
factor K is one which it is impossible to calculate: it depends 
partly on temperature, the modulus of elasticity, and possibly on 
the actual amphtude itself; and further it also includes a term 
for the external air friction. So far as the writer is aware no 



research has been conducted in this particular subject, although 
results have been published on an experiment for torsional 
vibrations. 

It is seen from the above analysis that the amplitude can be 
completely determined but for the uncertainty of the constant 
K. It will be noted from Pig. 104, which gives the amplitude of 
vibration of a reed for varying values of k, that the sharpness 
of tuning, viz. the ratio of amplitude at other than resonant 
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frequencies to the amplitude at resonant frequencies, also de¬ 
pends solely on the damping. 

With any one particular reed the value of k can be predicted 
by measuring the amplitude at various frequencies up to 
resonance. 

This will give various values of A in the expression 
a/Cp*'* - inF) + 


where / and k are kept constant, and only the applied frequency 
is varied. Thus if is the frequency when a maximum 
amplitude is obtained, and Wg for an amplitude of A^, then 

= ^~ 4. i 

4 A-^Vr^ - A^n^ It 

Magnetic Constants.—The value of y can, therefore, lie 
ascertained, which in the case under consideration is the airgap, 
or from which the airgap can be calculated. Usually, if y is 
the airgap, 

y ’=> g - Q, constant 
and with any given conditions 


g = constant x sin (jit - S) x + constant. 


Now 



where 3 is the induction, which also varies as the reluctance of 
the circuit. 

The reluctance 


I being the length of the iron circuit and fi its permeability, 
Hence 

I R 

This function is complicated and cannot be solved by 
ordmary rnethods of analysis as /t varies with the induction B 
which again depends in an irregular fashion on the cyclic curve 
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of the iron. The probJem can be approximately solved by 
employing the method (slightly modified) of motional circles 
which has been developed for the solution of equations on the 
vibrations of telephone diaphragms; but the complete analysis 
is lengthy, and reference should be made to the bibliography for 
further information. 

Enough has been said to indicate that a vibrating reed 
rectifier equipment can be designed from actual calculation so 
far as the reed and its dimensions are concerned, and which will 
be suitable for any frequency of supply. Further help than this, 
mathematics can only supply at the expense of lengthy cal¬ 
culations, but the most difficult part of the problem has been 
solved, and the remainder can be left to trial of the experimental 



Fig. 106 a and 6.—Voltage and ourrent wave for reed rectifier. 

model. The reed gap should be made adjustable and also the 
length should be variable. The number of ampere turns to 
provide the necessary mechanical puU will be calculable in the 
ordinary way. 

Voltage and Current Curves.—Partly owing to the effect 
of the hysteresis cycle and partly to the fact that the value of y 
indicates that the variations in airgap are out of phase with the 
current, the point of cut-in will not be the same as the point of 
cut-off and the angle yS ( =• O'B) in Fig. 105 a is less than the angle 
a (= OA), and the resulting current curve is similar to that in 
Fig. 106 6. 

If the voltage curve is of the form 
c ■= E sin ^ 






160 ALTEENATING CUEEENT EECTIFICATION 


then the current wave will be 

1 = 1 sin 6-1 sin a, 

assuming for the time that the power factor is unity. 

The mean value of the current over a complete cycle is 
therefore 


If' 

27rJ„ 




(sin 6 - sin a)d9 


^|cos 4- cos a - TT sin a + (a + /9) sin a| 


and the effective value is 


^ - 2 sin ^ . sin a + sin^ a)d6. 

If it is known that )8 => a (a condition not often met with in 
practice) then the ratio of the readings given by a moving coil 
and a djmamometer will enable the angle a to be calculated. 

If efficient working is desired, it is important that the point 
of cut-in, viz. P, and the point of cut-off P' should be such that 
OP => O'P' = E sin a 

and this value of 

E sin a 

should equal the voltage of the battery under charge. If this is 
not the case the current curve in Pig. 106 h will represent the 
state of affairs and either the battery wiU discharge for a portion 
of the cycle, or a percentage of the effective charging current 
will be lost. In either case a loss of efficiency will result. 

The control of the cut-in and cut-off voltage is determined in 
any one "rectifier by the natural period of the reed and also by 
the adjustment of the minimum airgap. Both of these factors 
have an indirect effect on the magnetic constants of the circuit, 
and hence also on the periodicity, but as the magneto motive 
force required to force the flux across the airgap, depends largely 
on the size of this gap, it is advisable to set it to as small a length 
as possible. The fine adjustment can then be effected by varpng 
the length of the reed. This wfll react on the natural period 
of vibration and on the amplitude as seen from equation (6). 
Thus a fine adjustment is obtained on the mean value of the 
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current by altering the reed length, and this should be set to 
indicate a maximum reading on the moving coil meter. 

This type of rectifier is convenient because of the latitude 
available m the number of cells it is possible to charge in series. 
For any given external resistance, i.e. the variable resistance in 
the rectifier and the internal resistance in the cells, the maximum 
value of the current I is fixed and the effect of varying the 
number of the cells is merely to alter the angle a which will 
in turn affect the mean value of the current. 

The characteristic curves in Figs. 106, 107, and 108 are the 
result of a series of tests by the Bureau of Standards Fig. 106 



Fig. 109. 


indicates the critical nature of some of the rectifiers (five types 
in number, A, B, C, D, and E), which is due solely to the point 
of operation on the frequency curva 

Fig. 107 is for similar rectifiers, but shows the variation of 
efficiency with battery voltage, and Fig. 108 the relative outputs 
for varying battery voltages. 

Time Lag.—It will have been appreciated that there is a 
mechanical lag which is inevitable unless special devices are 
adopted, as the tongue of the relay takes an appreciable time to 
make contact. An ingenious device illustrated in Fig. 109 and 
developed by Q-. Sutton partially overcomes this difficulty. 

In Fig. 110 the apparatus is shown diagrammatioally, where 
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the main transformer 19 is fed via 1, 20,19a, 21, and 2, and the 
secondary of this transformer supplies the rectified current to the 
batteries via 196, 22, 23,17 or 18 and 27 or 29, according to the 
position of the relay tongue. 

The driving circuit is supplied from a separate choke and 
solenoid via 1, 4, 10, 8,11, and 2. The lamp is inserted as a 



current limiting device; and as in the previous example, a 
permanent magnet is included to polarise the alternating current 
and provide a definite pull in either direction. The advantage 
over the former type is in the condenser which shunts the lamp 4. 
By varying the capacity of this condenser a definite leading 
current can be obtained in the dnving circuit which will cause 
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the reed to operate in advance ; and therefore when the voltage 
18 at the correct or cut-in value the circuit is closed. This 
results in a wave form which closely approaches the ideal, and 
provides for the maximum efficiency. This is the alternative 
to operating the reed at a frequency other than resonant fre¬ 
quency, mentioned on page 140. 

Pivoted Lever.—A type of mechanical rectifier which pre¬ 
sents some novel features in that it employs a lever pivoted 

about its centre, and on which is 
threaded a solenoid, has been used 
in the United States with some 
success. 

Reference to Fig. Ill will show 
two alternating current solenoids 
AA which are supplied from a suit¬ 
able transformer F. The flux from 
these solenoids passes through the 
lever on which the D.C. turns OC 
are wound. Thus the steady flux 
inB is in series with the alternating 
flux in AA and each end of the 
pivot is attracted in turn as one 
cycle of flux passes through the 
lever. The oscillation then is in 
synchronism with the supply fre¬ 
quency, and contacts DD are alter- 
Fig. 111.—Pivoted lever rectifier, lately made when the current is 

passing in such a direction as to 
cause a direct current to flow in the load circuit. 

Three controls are provided which enable the wave form 
of the unidirectional current to be varied. The rheostat G will 
have a considerable effect on the impedance of the transformer 
secondary circuit Z (which equals increasing or 

decreasing the value of It; thus the power factor will also be 
affected, which in turn reacts on the point of cut-in and cut-off. 

The regulating resistances EE are in the main D.C. supply 
before the interruption of the circuit, and will therefore affect 
the amplitude of the current wave only. 
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The analysis of this rectifier has not been included as it 
presents several uncertain features such as pivot friction, etc., 
and does not lend itself readily to treatment. 

Oscillating Liquid Jet.*—An interesting form of mechanical 
rectifier which has, so far as the writer is aware, been tried on a 
large scale, is that described in British Patents 102977, 130936, 
166664, 227720, and 227721. 

It is impossible to describe the construction in detail, in fact 
the only information at present available is that contained in 
the specifications, but briefly the action depends on the deflec¬ 
tion of a jet, presumably of mercury, and carrying an alternating 
current under the action of a magnetic field. The jet is 
normally directed to an electrode system consisting of two 
metal electrodes separated by an insulating partition. If the 
jet is directed to this partition, then at each half period the jet 
will impinge on first one and then the other of the electrodes, 
with a certain phase lag, and can thus be made to perform the 
function of a change-over switch or rectifier. 

General.—The number of mechanical devices which may be 
applied to a process of rectification is considerable, and two of 
them have been treated in detail, as being representative cases 
of the two main types All of them except the commutator 
type are difficult of complete analytical solution except by actual 
trial and error methods. One of the most interesting of the 
minor devices is that of the pendulum, which is arranged to 
swing in synchronism vsnth the supply frequency. As the 
oscillations are maintained by the rectified current the device 
is reversible in action and may be used to supply alternatmg 
current from a direct current main, although the wave form 
will not be directly controllable; and the power which can be 
rectified is also limited. 

* Since going to press a paper has been read at the British Association 1927 
Meeting at Leeds on this form of rectifier. 
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PART III. 

GASEOUS CONDUCTION. 

CHAPTEE Vn, 

OONDUOTION OP ELEOTBIOITY THROUGH GASES. 

Scope of the Chapter.—It is not the intention to deal at any 
length with recent developments in the physical theories of 
gaseous conduction, and further it would not be within the 
province or power of the writer to undertake such a task. 
Nevertheless, if the reader wishes to appreciate the mechanism 
by which rectification is accomplished in cases of gaseous 
conduction, some knowledge of the underlying principles is 
necessary. 

The diflSculty and danger of including one chapter only 
with this title have not been overlooked, but it is more with the 
hope that its introduction will lead to further study that the 
impossible has been attempted. Moreover, the enquiring mind 
vtHI seek in vain for an explanation of the simplest phenomena 
if the latest information is not available, and so far little has 
been published which the Engineer has time to read and study, 
that even an imperfect representation may be preferable to 
total omission. 

Atoms and Electrons. —The atom is nowadays supposed 
to consist of a central nucleus surrounded by electrons revolving 
about it in various orbits. The nucleus itself consists of units 
of positive and negative electricity, there being a number Z of 
positives in excess of the number of nuclear electrons. In a 
neutral atom there are also Z external, orbital electrons which 
counterbalance the positive nuclear charge. Z is called the 
atomic number of the atom in question, and its value for an 
atom of a given element is determined by the position of that 
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element in the Periodic Table. Thus for Hydrogen Z = 1, for 
Helium Z ^ 2, Oxygen Z = B, Neon Z = 10, and so on. For 
atoms of low atomic weight Z is equal to about one half the 
atomic weight. 

The mass of an electron being only 1/1846 of that of the unit 
of positive electricity, it follows that practically the whole of 
the mass of the atom is in the nucleus, also since the diameter 
of a spherical charge is inversely proportional to its mass, the 
unit positive charge will have a diameter only 1/1846 of that of 
an electron. The diameter of the nucleus is extremely small, 
being never greater than 10~* of the diameter of the atom 
itself. 

Electrons are carriers of electricity and as each electron 
always bears the same charge, the number of electrons will be a 
measure of the current. 

Ionisation.—If an electron moving with a sufficiently high 
velocity, encounters or passes very near one of the outer, 
orbital electrons of an atom, the repulsive forces between them 
may be such as to detach the orbital electron from the atomic 
system, which then remains with a unit positive charge. It is 
then said to be “ simply ” ionised. 

It is found that if a stream of electrons is sent through a 
gas or vapour, then as long as their velocity is below a certain 
critical value, dependent on the nature of the gas or vapour, the 
collision between any one atom and an electron will be elastic, 
the electron rebounding from the atom with its original kinetic 
energy but vyith an alteration in direction. As soon as this 
critical velocity is exceeded, however, the collision is inelastic. 
The rapidly moving electron now succeeds in changing the 
orbit of one of the atomic electrons, which necessitates some 
energy being absorbed by the atom; so the original electron 
will rebound,' having lost some kinetic energy. This critical 
velocity is referred to in terms of the potential through 
which the electron must fall in order to acquire the critical 
velocity, and this is spoken of as the resonance potential. 

If now the velocity of the bombarding electron is still further 
increased, another critical value wiU be reached when the 
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electron succeeds in completely expelling one of the orbital 
electrons from the atomic system; the potential necessary to 
give an electron this velocity is called the Ionisation Potential, 
and is of primary importance in what follows. Actually, there 
are several ionisation potentials corresponding to the removal 
of one, two, or three or more electrons, but here the main 
concern is with simple ionisation. 

After an inelastic collision, the energy of the atom will be 
increased by an amount equal to either eV or eVi where e is 
the electronic charge and V and Vi are the resonance and 
ionisations potentials respectively 

The atom then subsequently returns - to its original state 
with an emission of this absorbed energy in the form of radia¬ 
tion which may or may not be visible. Eor example, when a 
free electron comes within the sphere of influence of the ionised 
atom which will now have a positive charge, mutual attraction 
will result, the free electron taking the place of the one which 
has been expelled previously, and the energy eFi will be emitted 
as radiation. This process is called recombination. The 
electron may not return immediately to the orbit from which 
one has been previously expelled, but may do so in steps, falling 
into a succession of possible orbits, which the modern theory of 
the atom seeks to define. The energy radiated during the 
different steps will be of different wave lengths, that from each 
step corresponding to a line in the spectrum of the gas. 

Metallic Conduction.—In the case of metallic conduction 
there is a continual interchange of electrons between neigh¬ 
bouring atoms, and there is always a number of free electrons, 
each electron only being at liberty for a short space of time; 
whereas in a gas where there is no ionisation there is no 
such interchange. 

When a potential is applied to a piece of metal, these free 
electrons move towards the positive pole, and constitute the 
electric current in the metal 

The actual number of electrons flowing is enormous—a cur¬ 
rent of one ampere corresponding to a flow of about 1'6 x 10 
electrons per second. 
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Corona Effect and High Voltage Discharge.—It is found 
that when two electrodes are a given distance apart, and a given 
voltage is applied between them, sufficient to produce a gradient 
such that the potential over the mean free path of the ions is 
equal to the ionisation potential, then if there are a few ions 
present, others will be produced by collision as described above, 
and the number tending to pass between the electrodes will 
tend to become infinite; this corresponds to a current flow 
manifested as a spark between the electrodes. 

A few free ions are always present in gases due to the 
ionising radiations from the earth and radioactive substances. 
In general about six ions per cubic centimetre are generated 
per second due to this cause; the number present at any time 
depends on their rate of recombination. Electrons are also 
ejected from metals under the influence of ultra-violet light, and 
this may increase the number of free ions. Again, it is well 
known that sparks pass much more easily in the neighbourhood 
of flames due to the fact that they emit large quantities of free 
ions. 

If the electrodes consist of fine wires or needle points the 
density of the electrostatic lines of force will be high, and the 
potential gradient correspondingly great; the electric field may 
not be sufficiently strong to produce ionisation the whole way 
between the electrodes but only in the vicinity of the pointed 
wire, giving rise to a local light emission, which is termed a 
corona. If the voltage is increased still further the increased 
electnc field will ultimately cause a breakdown of the medium, 
and a spark will pass. 

Glow Discharge Tubes—If a cylindrical glass tube, about 
twenty centimetres long and two centimetres m diameter, 
having two metallic electrodes fused into its ends, is gradually 
evacuated, while the pressure of the air is in the region of 
atmospheric, it is found that no current will pass until the 
potential applied between the two electrodes is raised to several 
thousands of volts, and the discharge when it occurs, takes the 
form of a crackling spark As the pressure is reduced, the poten¬ 
tial required to start the discharge becomes less and less, and 
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the appearance of the discharge changes and soon takes the form 
of irregular, sinuous, purple coloured streamers going from one 
end of the tube to the other. On further reducing the pressure 
these streamers broaden and soon the tube is seen to be filled 
with a diffuse luminous glow extending from the positive 
electrode up to within a short distance of the cathode or negative 
electrode. This glow is known as the positive column. 

The cathode is now found to be completely covered with 
a layer of bright luminosity, whose colour is slightly different 
from that of the positive column. This layer is called the 
negative glow, and on closer inspection it vTill be seen to be not 
quite in contact with the electrode, but is separated from it by 
a thin and very sharply defined dark region known as the 
Crookes or cathode dark space. Finally, a less well-defined 
region, the Faraday dark space, will be seen separating the 
negative glow and the positive column. Further reduction of 
the pressure results in a widening of both dark spaces and the 
negative glow, while the positive column becomes correspond¬ 
ingly shorter. 

The value of the potential required to start the discharge 
reaches a minimum during this stage, and subsequently rises 
again continuously with decreasing pressure. At still higher 
rarefaction the cathode dark space increases until finally it fills 
the whole tube and no further luminosity of gas is observed. 
The glass walls of the tube, however, now begin to fluoresce 
with a colour depending upon the composition of the gas. If 
the exhaustion is carried to the extreme limit available the dis¬ 
charge refuses to pass at all. 

Experiments have shown that for any given residual gas, 
the potential necessary to start the discharge depends upon the 
pressure of the gas, the form and material of the electrodes and 
the distance between them. 

Having briefly explained the phenomenon, consider the 
movements of the atoms and electrons in the tube, and take 
the case given above where two electrodes are fused into a glass 
vessel which has been partially exhausted and across which a 
given potential is applied. As stated on page 166 a few ions 
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will always be present in the gas, so that on the applica¬ 
tion of the voltage, they will commence to move towards the 
anode and away from the cathode, under the influence of the 
electric field, their velocity increasing during flight. If their 
velocity IB sufficiently great they will ionise the atoms previ¬ 
ously described by expelling an electron from the influence 
of the positive nucleus, and the net result will be a general 
movement of electrons towards the anode, and positively charged 
atoms to the cathode. Eecombination of certain electrons and 
positive atoms will necessarily take place, and this will conduce 
to a state of equilibrium, and the numbers of electrons moving 
in one direction and positive atoms in the other will be limited 
by this 'effect and also by the space charge (page 295). The 
net current flow will be the sum of the charges carried by the 
electrons to the anode and the positive atoms to the cathode. 

Arc Conduction.—The conduction of electricity by an arc 
depeuds on .different principles from the two cases above, the 
sparlr^aad tiw glow. 

A necessary condition of arc conduction is that of at least 
one hot electrode: in the case of the arc lamp both electrodes 
are hot, but the positive crater is the chief source of illumination 
and is hotter than the cathode, whereas in the mercury vapour 
lamp the cathode is at a higher temperature than the anode, 
which is comparatively cool. The reason for this diversity is 
one of some complexity and depends on a number of variables, 
which manifestly cannot be discussed here; but in cases of 
I rectification where conduction through gases is the modus 
! operondi, the cathode is in general the hotter of the two 
electrodes and the anode is relatively cooL 

The actual conduction of electricity is by means of the 
vapour of which the cathode is composed, but in order that 
this vapour may be first produced a connection has to be made 
between the electrodes which causes a heavy current to pass, 
and a high enough temperature to be reached for the purpose of 
vaporisation. 

Thermionic Emission.—It has been stated on page 166, on 
metal he conduction, that there are large numbers of free electrons 
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present in metals. They are in violent agitation similarly to 
the molecules of a gas, their velocity depending on the tempera¬ 
ture. Suppose two cold electrodes (one of which it is possible 
to heat electrically) are placed in a highly evacuated vessel. It 
might be supposed that on the application of a potential between 
them, some free electrons would leave the cathode and pass to 
the anode. As a matter of fact it is possible to obtain a current 
by such means, but potential gradients of some millions of 
volts per centimetre are required at the surface of the cathode 
before any measurable current flows. As soon as the cathode 
is heated to (say) 2000“ C. the velocity of agitation of the elec¬ 
trons increases to such an extent that they can pass tlmough the 
surface of the metal, and on the application of a potential 
difference between the electrodes, currents are observed to flow. 
Thus with a tungsten wire at 2000“ C. a current of 0*004 
ampere per square centimetre pan be obtained and with thorium 
at the same temperature 30 amperes per square-centimetre, 
while with-Bodiiuji at only 370“ C. 0*014 ampere'per square 
centimetre will flow. With the alkali metals appreciable 
currents at quite low temperatures wiU be observed. 

Valve Effect.—Having cursorily described the general 
principles of gaseous conduction it is possible to consider more 
closely the phenomenon of arc conduction, its application to 
the practical forms of rectifier being left over to a subsequent 
chapter. 

It has been seen that the necessary condition for arc con¬ 
duction is a cathode at a high temperature, which serves as a 
source of electrons. It follows that if one electrode is hot and 
the other relatively cool, a large current can only pass when 
the high temperature electrode is a cathode. Hence if an 
alternating voltage be applied across the two electrodes a large 
current will flow when the hot electrode is negative, and a 
very much smaller current when the cold electrode is negative. 
Thus arc conduction does not provide perfect rectification, 
although for all practical purposes with modern plant the 
current is unidirectional. 

It is because of this rectifying property of the arc that 
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difficulties are experienced in its continuous operation on alter¬ 
nating current circuits. Thus during the half cycle when 
the hot electrode is negative, current can flow provided that 
the voltage is high enough, but when the current becomes 
zero the arc is extinguished, and usually cannot be restarted 
as the cathode temperature has fallen. If, however, the voltage 



is sufficient to cause an intense glow discharge to pass between 
the anode and cathode, this discharge, by heating the cathode, 
will enable the arc to be restarted, the anode for the previous 
half cycle becoming the cathode in the subsequent half cycle. 
If the voltage between the electrodes, sufficient to cause a 
spark to pass, is less than the voltage required to maintain the 
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arc, the arc will operate on alternating current but without 
rectification. 

Fig. 112 illustrates this point where curve I shows the 
voltage required at various temperatures for a discharge to take 
place over a gap of 13 mm., and II the voltage required to 
maintain the arc. Thus above curve I alternating current arcs 
can exist, between I and II they can only exist provided some 
external means are available to maintain the temperature of 
the cathode ; and this constitutes the rectifying range. Below 
curve n arcs cannot exist as the voltage is not sufficient to 
maintain them. Further, it is evident that if the electrodes 
are manufactured of a material such as carbon which occupies 
a position on the curves at a 
point beyond their intersection 
alternating current arcs can 
exist without external means, 
but also without rectification. 

The points roughly indicated 
by the symbols are approx¬ 
imately the boiling-points of 
the elements, and are also the 
temperatures of the vapour 
stream in the arc, 

Arc Voltage.—The voltage 

which is required to maintain an arc can be expressed by an 
empirical formula 

o{l+d) 



Fra. 118 a and h .—Voltage drop in aro 
stream. 


a + 


s/i 


(DSj 


where a, c, and d are constants, I is the length of the arc, and i 
the current flowing in the vapour stream. Thus the potential 
difference across the arc can be considered as the sum of two 
voltages, one of which is constant, and the other depending on 
the aro length and the current flowing. 

If an exploring electrode be inserted in the arc stream 
as shown in Fig. 113 a, which can be moved longitudinally 
between the anode and the cathode, and if this be connected 
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thxough a galvanometer to the cathode, the voltage drop at 
different points along the stream can be ascertained, Q’he 
curve obtained is shov^n m Fig. 113 b; it will be observed that 
there is a rapid fall of voltage near both the cathode and the 
anode, and it can be demonstrated that this fall is independent 
of the distance between the electrodes. Thus the sum of the 
cathode and anode falls, viz., is equal to the constant 

term a in the above equation, whilst the term 

c(l + d) 

represents the drop which is measured by the exploring elec¬ 
trode, and bears a linear relation to the length of the arc 
stream. 

The constants in equation (1) have the following approxi¬ 
mate values for various elements:— 

•V 

a =* IS volts for mercury 

16 „ „ zinc and cadmium 

30 „ „ magnetite 

36 „ ,, carbon 

c = 31 for magnetite 
35 „ carbon 

d — 0'126 cm. for magnetite 
0 8 cm. for carbon. 

One of the characteristic features of arc conduction is that 
of the rising voltage curve with decrease of current, which 
infers that on a constant potential circuit the arc will be un¬ 
stable, whereas on a constant current circuit the voltage of 
supply will suit itself to the current taken by the arc. On 
constat potential circuits this disadvantage is overcome by the 
insertion of a series resistance (in direct current circuits) or an 
inductance (in A.O. working). 

The effect of such an impedance is shown in Fig. 114, where 
curves I a and h are the volt-ampere characteristics of a carbon 
arc at two different arc lengths, and H the voltage drop across 
the resistance or reactance. Curve HI is the addition of I and II, 
and mdicates that after passing through a minimum value of 
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56 volts, curve III has a rising characteristic, thus ensuring 
stability at a current of 30 amperes. At least 56 volts must 
be available from the supply with a resistance of 0‘22 ohm in 
circuit. 

Enclosed Arcs.—The above applies only to arcs in which 
the pressure and temperature are constant, viz. in air in 
circumstances where similar conditions apply. In the case of 
an arc which is enclosed in a hermetically sealed tube, such as 



Fiq. 114.—Curves of aro stabilising resistance. 

in the mercury vapour rectifier, different conditions appertain. 
Thus in the case of a mercury vapour arc if the current is 
high enough in value for the whole section of the tube to be 
filled with the vapour stream, the radiation of power may be 
assumed to be proportional to the tube length, or 

p “> = cli 

where I is the tube length, and thus 

fli “ gX, 
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To this mnst be added a cathode and anode drop a and 

6 = a + cl. 


If d is the tube diameter 


6 


13 + ^ 


1;;4Z 

d 


for mercury vapour arcs in enclosed vessels. 
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CHAPTER VIII. 

MEROUEY VAPOUR RBOTIEIBRS, THEORETICAL ANALYSIS. 

Introduction.—It has been shown in Chapter VII. on the con¬ 
duction of electricity through gases, that the rectifying properties 
of the arc are primarily due to the presence of a hot cathode, 
and, further, if rectification is to ensue, the voltage must be 
less than that required to start a spark discharge, but greater 
than that required to maintain an arc. This is the case with 
mercury vapour, and because of its physical properties of low 
boiling-point, together with its electrical conductivity it is the 
only element which has been tried with success on a large 
scale for commercial arc rectifiers. 

One of the difficulties encountered in the manufacture of 
such rectifiers is the attainment and maintenance of a sufficiently 
high vacuum. This is overcome in various ways—in one case 
a blast of superheated vapour is caused to sweep by the hot 
cathode, the action, presumably, being mechanical, in that the 
kinetic energy of the hot gases is sufficient to impart a high 
velocity to the molecules of residual gas and thus sweep them 
out of the rectifier. 

There are, however, other defects which are difficult to 
surmount, and which are the subject of a series of patents 
emanating chiefly from America, Germany, Switzerland, and 
France. The fact that experimental work and improvements 
m construction have been mitiated in these countries is due, not 
to any lack of appreciation of the value of a mercury vapour 
. rectifier in England, but to the fact that alternating current 
distribution is more prevalent there at the present time than 
in this country. There is no doubt whatever that high voltage 
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distribution will have greater opportunities in Great Britain in 
the future; and a knowledge of power rectifiers is essential to 
electrical engineers who have control of commercial plants. 
The mercury vapour rectifier can be made in large sizes, and 
has the great advantage that it is a static plant and requires 
little attention. This latter point is important and is fre¬ 
quently overlooked in designing and estimating for installations. 
It is also possible that a popular prejudice exists in favour of 
rotary plant which renders the adoption of the newer form of 
rectifier somewhat slow. 

General,—So far (with the exception of the vibrating reed 
type of rectifier) mechanical rectifiers have been seen to partake 
rather of the nature of reversing switches than of devices which 



have a definite and inherent valve effect. The rectifiers which 
Me described in Part IIL, however, are definitely “ valves,” and 
it is advisable to recapitulate in greater detail what has so far 
been only briefly reviewed. 

In its general form a rectifier circuit consists of an alternat¬ 
ing current supply through a transformer with a middle tapping 
which is provided for a specific purpose, and it is important 
that this point should be understood at the outset. Consider 
the elementEiry circuit in Eig. 116, 

The rectifier or valve E will allow current to pass to the 
load L in one direction only, and the wave form will be as 
shown to the right of the figure. This arrangement is usually 
cahed a single-phase system. The peak voltage of this wave 
wfll be equal to the peak voltage of the supply. Suppose 
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that a 1/1 ratio transformer is inserted in the circuit provided, 
with a middle tapping on the secondary; the diagram of con¬ 
nections will now be as shown in Fig. 116, and two rectifiers 
are required, one in each side of the secondary. When the 
potential of the secondary is such as to allow current to flow 
in the direction of the arrow, E^ will pass current but E 2 will 
rectify, and any current flow through it will be stopped; the 
net effect is that current will pass to the load in the direction 
shown, and back to the middle tapping. When the current 
dies down to zero and commences to rise again in the opposite 
direction in the secondary, Ei will rectify and E^ will pass 


A.C. SUPPLY 

. g 0 » 1 « LW • 



Fig. 116.—Biphase reoLifior. 



current, and the load is again supplied with current in tho 
same direction as before. Thus the wave form will consist of 
a sine wave as in Fig. 115 with the gaps filled in by inverted 
loops 180“ in advance. This arrangement is called “biphase” 
^ rectification, and always implies a reduction in voltage, since 
the voltage can never exceed (with this arrangement) that of the 
transformer secondary from tho outer to tho neutral point. 

It has been shown in Chapter YII. that in the case of a recti¬ 
fied arc, tho current raust not be allowed to drop to zero as the 
arc will not restart of its own accord, unless some special 
starting devices are provided, and if tho omission ceases for even 
as small a period of time as one hundred thousandth of a second 
it has been shown that tho arc is extinguished ; but if the loops 
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of the curves can be made to overlap, as is indicated m Fig. 117, 
the addition of the two curves will result in the full line curve 
with the dotted portion between the loops, and the required 
conditions of a continuous and positive current have been ful¬ 
filled ; in addition a further advantage has been obtained of 
reducing the variation of the instantaneous current from the 
mean value. This result has been attained by the insertion of 



Fia. 117.—Biphase wave form showing smoothing by inclusion of reactance. 


an inductance in each of the anode circuits, which acts as a 
reservoir of energy during the time that the current is increas¬ 
ing and restores it at a later period of the current wave. Thus 
if an inductance were inserted in the single-phase circuit shown 
in Fig. 115 the wave would be so affected that instead of lasting 
for a time represented by 180 electrical degrees it would persist 
for 180* plus a time depending on the circuit constants. This 
is indicated in Fig. 118. 



0 77 277 377 


Fifl. 118.—Single-phase wave form showing distortion by inclusion of roactanoo. 

Rectification Theory.—^The above effects of inductance in a 
biphase rectifier have been inserted at this juncture to indicate 
to the reader the effect produced by inductance, but the 
mechanism by which this is attained in multiphase rectifiers is 
now developed in greater detail. 

It is first necessary to lay down two general principles which 
may be directly inferred from the fundamental theories of the 
“ valve effect ” enunciated in the previous chapter. 

(1) An anode can only supply unidirectional current during 
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the time interval when its instantaneous potential is greater 
than that of the cathode, and at the same time greater than 
that of all other anodes. 

(2) If more than one anode is supplying current, the 
potentials of each of such anodes must be equal to one another, 
and greater than that of the cathode or all other anodes. 

These two principles and much that follows are in general 
perfectly true of all valves which operate by means of the con¬ 
duction of electricity through gases; but the theories which 
have been developed are applicable more generally to the 
mercury vapour and thermionic rectifiers than to other forms. 

Consider the direct effect of the above two pnnciples on the 
performance and operation of these two forms of rectifier. 

In every case it is at once apparent that a certain voltage 
drop will be developed across the rectifier; and this drop will 
vary with the type employed and its characteristics; for example, 
in the mercury rectifier this drop will be practically constant, 
but in the thermionic tube it will be proportional to the two- 
thirds power of the current flowing, and will depend partially on 
the characteristics of the tube. 

As has been forecasted above, reactance in the anode circuit 
will have a considerable effect on the number of anodes function¬ 
ing at one and the same time, or in other words on the overlap 
of the current waves. 

Two methods of analysis have -been developed to solve the 
problem theoretically, and although both of these methods are 
of interest, and are discussed at some length, they must not be 
accepted as a perfect solution of the problem of the design of a 
rectifier, although they are of great help in consolidating one's 
ideas on the subject, and further, they afford an insight into 
what is actually taking place in the rectifier, or in other words 
they portray the mechanism of rectification. 

The first method, which may be termed the method of direct 
analysis, has been developed by several Swiss and French 
writers, notably H. Giroz in the “Bevue G6n6rale d’J^lectricitd” 
This anoilysis depends on the consideration of hypothetical 
circulating currents in the transformer windings and deduces 
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the characteristic equations. The second method determines 
the actual wave form of the rectified current, and of the anode 
current. 

Before a detailed description is given of the two analyses, 
consider the case of a circuit containing no inductance—an ideal 
which is only approximately approached in practice. 

Rectifier with no Inductance-—It is assumed that the 
reactance of the transformer windings is negligible, and the first 
point of note is that conduction cannot take place unless the 
anode under consideration is positive with respect to the cathode. 



Fia. 119.—Eootifler voltages. 


It wiU be shown that under these circumstances any overlap of 
the current waves will depend solely on the conditions of voltage 
drop in the rectifier. 

In Fig. 119 if etc., 0-y 0^ etc., represent the anodes and 
the cathodes respectively, then in the case of thermionic rectifiers 
Cx etc., will be situated in different containers, but in the 
mercury rectifier they will all be in the same tube; this difference, 
however, does not affect the argument. Further, all the cathodes 
at any one instant will be at the same potential above the datum 
line XX. 
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The voltage of supply is 

F«i - Vl 

the drop in the tube is 

Va: - Fci 

and across the load 

Vci - F/,. 

So that 

- (Va, - Vl) + (Fai - Foi) + (F^ - Vl) = 0. 

The voltage curves will appear as shown in Fig. 120 where 

AG = F«i - Fl 
AB = Va^ - Vc, 

BG = Fci - Vl 


YZW 



Fig. 120,—Voltage wave fonus. 


and the relation between the curves B and A may bo assumed 
for the moment to be any function whatever. 

When the voltage of phase 1 is decreasing the lino YF is 
reached and therefore 

BF - Va^ - Vl 

BE = Vm - Vci 

EF - Vci - Vl the voltage across the load. 

At point E 

EF = Faa - Vl 
or Fas “ Foi - Vc, 
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and anode 2 is in a condition to pass current provided that it 
can overcome the resistance of the tube, and hence conduction 
will tend to spread from anode Aito and the curve of Van ~ ^cn 
will be as shown and will pass through the point E. Current 
will now flow from both anodes, the contribution from anode 1 
still preponderating. At point G on ZZ where Vai I'oa both 
arcs must pass the same current and 

Vai — Vci ^ Va^ ~ Vcn 

or the drop in the arc is the same in each case, viz. a voltage 
represented by the length GH. When the line WW is reached 
phase 1 ceases to function and phase 2 takes the load. The 
portion of the cycle over which both anodes can operate is re¬ 
presented by the length LF which will depend primarily upon 
the value of the volt drop in the rectifier, and secondarily on the 
prolongation of the voltage curve of the supply. 

The above can only represent the true state of affairs pro¬ 
vided, that the drop in the tube follows such a law, that each 
anode contributes a proportion of the current resulting in an 
equal cathode voltage in both phases. If the voltage drop 
m the tube is constant for any current, as is approximately the 
case for a mercury vapour rectifier, then although anode 2 can 
commence to conduct when point E is reached on the first 
cathode curve yet the voltage drop relation cannot be strictly 
fulfilled; and further, this is also true at the point J where 
anode 1 ceases to function. Thus the conclusion is inevitably 
reached that the change in operation occurs instantaneously 
when the point H is reached. This is true from the theoretical 
standpoint; in practice, however, the law governing the de¬ 
pendence of the voltage drop on the current rarely holds at low 
current values, and it may therefore happen that an overlap 
of currents will occur; but it is apparent that such overlap as 
does occur, is dependent solely on the relation between the 
voltage drop and the current, and cannot be maintained over 
any length of time. 

Overlap with Inductance in Circuit— If the anode circuit 
is considered to include reactance, or what is equivalent, the 
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transformer windings are so designed that their leakage re¬ 
actance is appreciable, a totally different state of affairs is 
obtained. 



Fia. 121.—Biphoi-se lootifier (maroury vapour). 


Consider a biphase mercury vapour rectifier as is depicted 
in Fig. 121, where the load has an impedance of 
and the anode circuit has an inductance (Z^ « pLi), then the 



current curves will be distorted and will include an exponential 
factor, as will be shown later. 

Assume for the moment that the resulting current waves 
take the form 

i =/(0) and/(6i + tt) 

as shown in Fig. 122, there being an overlap of current waves 
to an extent of 9^. 
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The normaJ voltage curves in Fig. 123 indicate the voltage 
of supply, the difference between the dotted and the full lines 



representing the drop in the rectifier, and the portion OP the 
potential of anode 1 below the neutral point, when the anode is 



Fiq. 12d.—Voltage supplied by reaotanoe. 

noimally non-conducting. If both anodes are conducting, and 
the net rectified current consists of the line OKLM in Fig. 
122, and if dupboate conduction takes place during the period 
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of overlap the initial conditions laid down on page 178 pro¬ 
vide that the potential of anode 1 must be equal to that of 
anode 2, and of the same sense. This potential must, therefore, 
persist after the point tt, in Fig. 123, and follow the curve of 
'voltage pertaining to anode 2 to the point P', which represents 
the end of the period of overlap. This excess voltage must be 
supplied from some extraneous source, which in practice con¬ 
sists of the counter E.M.E. of the inductance L\ This back 
E.M F. may, therefore, be represented by the peaky curves 




Fiq. 125.—Voltago acroHu auodoa 1 and 2. 

shown in Fig. 124, and the net voltage across the anodes 1 
and 2 will take the form of the curves in Fig. 125. 

The voltage of anode 1 to the neutral point of the trans¬ 
former will be represented by the curve in Fig. 12r). 

If these theoretical curves are compared with the re¬ 
productions of actual oscillographs in Figs. 3 88 to 147 it will be 
observed that complete agreement with practical conditions is 
preserved. 

If this reasoning is applied to a polyphase system where 
inductance is present in the anode circuit, whether due to an 
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external choke, or to the inherent leakage of the transformer 
windings, it will be noted that, provided that the inductance is 
great enough, current from any one anode will persist for a 
longer period than 27r/w, where 27r/m is the period during 
which only one anode functions in the case of a non-reactive 



iE'ia. 126.—^Yolbage of anode bo neubral. 

circuit. The current may even continue for several periods of 
27r/w in which case the inductance must supply the voltage to 
carry the current after the transformer winding has ceased to 
supply a suf&cient E.M.E. 

Eeferring to Eig. 127 the lines X and Y determine a complete 



sub-multiple 27r/w of the period of supply, and at the beginning of 
this interval at point X the {m - 2) anode current, which has been 
deformed from its true sinusoidal shape by the inductance, has 
fallen to zero, whilst the (m - 1) anode and the first and second 
anodes are still functioning. Thus the point X is a point of dis- 
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continuity in the wave form. Point Z where the third anode com¬ 
mences to function, marks another discontinuity, and point Y a 
third where the (m - 1) anode ceases to supply current. Thus if 
the problem is to be subjected to mathematical analysis, the com¬ 
plete interval 27r/?w, which represents an interval of supply which 
repeats itself regularly and systematically during the complete 
cycle, must be divided into two parts ^ and a. Over the portion 
three anodes operate, whereas the second period a is dis¬ 
tinguished by the fact that four anodes function. It will be 
apparent then that in the general case where p and jp + 1 anodes 
can operate in the intervals yS and a respectively, the modus 
operandi can be completely determined by the scheme of Fig. 
128. 


Zrr 

m 


2n 

m 


Ztt 

m 


yS—4*— 

P P+1 
Anodes I Anodes 


0Cr-4< 


)3—^4—oc—+ 
P P+l 
Anodes I Anodes 


P 

Anodes 


‘ DC—>■ 
P+l 
Anodes 


Pig. 128.—Scheme of funotioning of anodes. 


Further the overlap can at once be ascertained from the 
equation 

= 2(p -1) ’njvi + a . . • (1) 

A reference to Fig. 127 and putting p = 3 will show that 
this is true. 

At the same time the total duration of time during which 
an anode supplies current is 

^pvjm + a. 

It is the purpose of this analysis, primarily to determine the 
characteristic of the rectifier; or in other words the curve 
connecting voltage drop and load. As, in an m phase system, 
there are only m channels through which current can pass, and 
the voltage drop in the rectifier is to an approximation in¬ 
dependent of the current flowing, it follows that as the load in¬ 
creases, each anode must supply current for a longer period than 
it does on smaller loads, until at the short-ciremt position all 
the anodes are passing current for tho whole of the cycle. 
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As has been stated above, it is the function of the inductance 
] in the anode circuit to prolong the voltage wave sufficiently to 
I enable the voltages of all the anodes supplying current to be 
1 the same. 

Thus it would be expected that as the load on a rectifier 
increases, the greater the number of anodes functioning at the 
same time, will become. The following scheme represents tlio 
state of affairs :— 


No load : 
Load 

Increasing: 


Short-circuit: 


1 anode functioning alone 


1 and 2 anodes 

„ alternately 

2 

„ together 

2 and 3 „ 

„ alternately 

3 

„ together 

etc. 


m 

»> }) 


The period when p anodes are functioning represents a 
short transition stage between the condition of p - 1 and p 
anodes and p and ^ + 1 anodes functioning alternately, and 
although this period is only represented by a comparatively 
short period compared with the time of dual operation, it can 
be shown that between the point where p anodes and p + 1 
anodes function together, the characteristic curve is linear, so 
that the ensuing calculations are simplified by ascertaining the 
positions of two adjacent points, where the conditions 


a = 0 , ^0 = 2 (p - l)27r/7w, and /8 => 2’irlm 


apply, and thus the overlap is an integral multiple of the period 
27r/m. 

Before proceeding to the general case, consider the no-load 
and short-circuit conditions, and in order that the problem 
shall be capable of mathematical treatment, it is necessary to 
make an assumption, which does not render the application 
of the analysis unsuitable for practical design. Assume that 
in Eig. 130 the reactance in the load circuit is of sufficient 
dimensions to render the wave form of the rectified current 
practically constant, and let Im be the mean rectified current, 
i -and i the instantaneous currents in the load, i when p H- 1 
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anodes are functioning, and i' when p functions, and the 
current at the time interval represented by ^ = 0. 

Under these circumstances the wave form of an m phase 
system where jp => 1 is as shown in Fig. 129, i.e. where two 
current loops overlap. These two currents during the period of 
overlap 6q add numerically to Iau and thus the decreasing 
current of phase 1, and the increasing current of phase 2 are 
symmetrical about a horizontal line, represented by 


i = Ij//2. 

li- 

» 



Let these currents be '/j and % such that 

hi + h,t =« 2j|f. 

At this juncture it is convenient to assume that each anodo 
during the period of overlap, contributos to the load a current 
Ijif/2, and that the differences between the currents hj and and 
Ijir are supplied by a circulating current in the closed circuit 
consisting of any two adjacent windings of the transformer and 
the corresponding anodes. Those circulating currants must not 
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be considered as true sbort-oircuit currents, although it will be 
appreciated that during the period of overlap two phases of the 
transformer are actually connected through the rectifier. They 
are represented in the following analysis by etc., to dis¬ 
tinguish them from ordinary currents. Then 

ji + 3i ^ • • • • C^) 

h = 3i + ^mI^X /o\ 

As the E.M.E. of the closed circuit of Fig. 130 is 

«i - 62 = . . . . (4) 




PHASES 2 



Fig. 130 .—m phase xeotifler system. 

and as the various instantaneous voltages e^, etc,, are of the 
form 

Bj. = E 5m 6 

Bi = E sin (6 - 27r/m) 

Cs = sin (^ - 47r/w) 

Bk = E sin {6 - %h - l)7r/w}. 


. E . 
Ji= — sin 

TT 

Icos 

(e - - 

)de 


m. 


\ mi 

f 

E . 

IT 

. / 


+ G. 

=> — sin 

— 

sin ( 

e —) 

Xi 

m 

\ 

. mJ 
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The differential equation (4) assumes that the resistance of 
the closed circuit is negligible compared with its reactance, and it 
can be shown that to a first approximation this assumption is 
reasonable. 

The constant G above is determined by the condition that 
when j\ = ImJ^, ^ + irjm as the circulating currents only 

• 2*7r 

exist at the end of each mterval of — degrees and therefore 


and 


G 

_Im _ 

E . 


— sin - 

2 

Xi i 


E . 

ttP 

3i 

= — sin 

X. 

- sin 
mL 



Further when^j = - /jif/2 $ = 7r/2 + Tr/m + 0^, 

whence 1 - cos 0q = ^ . . • (5) 

E sin — 
m 


and thus the overlap is determined. 

The effect of the anode circuit inductance is manifested as 
a drop in the voltage of the rectified circuit, and to find an 
expression for it the following analysis is given. 

It should be noted that the conception of the circulating 
currents and is important, in that their function is to pro¬ 
vide the back E.M.F. in the inductance Xi, which carries on 
the E.M.F. wave past the point where it normally would be 
ineffectual in providing for rectification, thus 

"■ • • • “ 

also ji + ^2 “ 0 

and therefore 

“■VtW * de) 

wherefore 

e , + Bn — tt . /« “ttn 

„ “=Ecos —sml^-). 

2 m \ mj 


During the period of overlap 6q, the rectified voltage is a 
mean of the voltages of the anodes which contribute current, 
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less the drop in the inductances, and therefore if Aj/ is the inouii 
rectified voltage, and AEj/ the drop due to the anode circuit 
inductance 



2 m 


/ 

"■ " _L/1 

m ^ . 77 

= o-E sm — 
277 m I 

4/ 

COS - '^)d^ 

\ mj 

IT ff 


2 m 


= sm —(1 - cos ^o) • 
27r m 

Ehminating 6q from equations (6) and (7) 


( 7 ) 

(«) 


It is interesting to note that in 'this case the rectifier behaves 
as if the drop in voltage on the rectified side were due to the 
passage of a current whose RMS. value is 

mist 

27r 


So far the example given is a particular case for an wi phase 
circuit, where oifiy two anodes function at one and the same 
time. Later this will be shown to determine the particular 
loading to which the rectifier is subjected. 

Proceeding to the general case of all loads from equation (0) 
it is noted that the function of v is to supply a back E.M.F. 
wkch will render the separate voltages of all the anode circuits, 
which supply current simultaneously, equal, this being the 
condition of rectification; and the characteristic equation of 
0 may therefore be written 


V 



( 9 ) 
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This equation is the general characteristic of the rectifier, 
and the others which have been mentioned above may be 
written in the more general forms 



The last condition to be employed is the one which deter¬ 
mines the fact that although the voltage wave forms are 
discontinuous, yet they have the same value at the discontinuity, 
whence 



which determines 6\ the point at which the discontinuity 
occurs; and in the case of the current waves, the same applies, 
which provides the equation 

0 '‘-‘+“ 0 *+ 

It is instructive to apply this analysis to the calculation of 
the short-circuit current of an m phase rectifier, in which case 
all phases will be operating together and jp « wi. 

From equation (9) for jp = w 



« -Fsm B ^ sin + sin ($ - —) + ... to w terms] 

mV. \ 171 / \ m / J 

== 0 . 

From equation (12) 

^^dB “ 

y = - ? cos \b - 2(k - 1)-| + C. 

13 


or 
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To ascertain G from equation (10) 


m 

*=.1 


= - ^jcos 6 + cos (d - + ... tom terms | + 

A I /If A 


G 


= 0+ (7 = 0 
and hence (7 = 0, or 

j, = - I 008 [e - 2(4 - 1)^}. 

To employ equation (13) to ascertain 6' for p = m 

27r' 


m 

whence 


sin ^ + JS? sin (b' - + ... m termsj 

sin d' + E sin (&' - —^ + . . . (??i 1) termsj 


or 


or 


sin {O' - 27r) = 0 and 6' = 0. 
Finally from equation (14) 

(i. + jY - 0, 


[- f oos{« - 2(4 - 1)-}+ isl 
*- I m] p 


m 
1 

Oa»e'»o 


E Igc . 

^ = — "^liere is the short-circuit current 


and 


j _ mE 


.• ( 1 -^) 

This last equation (16), represents the short-circuit current 
for an m phase rectifier. 

intermediate positions be- 
tween n^load and short-eirouit, a three-phase system is in¬ 
vestigated and the voltage relationships are indicted in Fig 
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The curves 1, 2, and 3 are the open-circuit conditions, where 
^ sin ^ 

= E sin (0 - 27r/3) 

fig = E sin (0 - 4^/3) 

, Em . TT 

and Em =-sm — 

TT m 

where m = 3, and only one anode functions at one and the same 
time. 


I 2 3 



Fig, 131.—Voltage-load curves with a three-phase rectifier. 

For the short-circuit state 

lao = mEIxi 

and three anodes function together. At the point where two 
anodes operate the double-dot-dash curve is the wave form. In 
the intermediate stage where one and two anodes supply current 
alternately, viz. when a + 0, equation (1), the wave form will 
be as indicated by the dash curve with a much more peaky crest 
value. These curves exemplify the penods a and j8 in the latter 
case, and also conditions when a =» 0. At the same time a 
most important point is indicated, viz. that when p anodes are 
functioning the equations are operable over a period 27r/77i 
commencing at a particular value of 0' viz., an angle 0'p ob¬ 
tained from equation 13, but when p + 1 anodes function this 
period ^irjm is moved forward, and a new calculation for 0', 
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viz. ff-g +1 is necessary, and finally limits are imposed which 
are 

d'p+i - becomes &p 

and ,» ^'p + ^nrfni. 

When the latter limits are employed, the lower values of the 
current and voltage are obtained; these values being termed /V 
and E'm- 

As this analysis is complicated, although by no means diffi¬ 
cult to understand, an example of a three-phase supply is con¬ 
sidered, as shown in Eig. 131. 

Under these circumstances 

d'p = 7r/2 + tt/S = ^ 
and ffp - ^TrjS = irf^. 

From equation (13) for^ “ 2 

sin ^,+1 + E sin (d'p+i - ^)} 

■= g|sin d'p+^ + sin " y) + sin - -j^)} 

whence = 4,r/3 

0'p+i - 27r/3 = 27r/3. 

This is the case when the wave forms are 

ei = E BID. 0 

(Sj ■= E sin (^ - 27r/3) 

eg = E sin (0 - 47r/3) 

From equation (9) 

V = \IE sin ^ + E sin (^ - 27 r/ 3 )] 

“ E cos tt/S sin (0 - tt/S) 

and from equation (12) 

sin - E cos 7r/3 sin {0 - tt/S) 

sm (0 - 27r/3) - E cos tt/S sin {0 - tt/S) 


and 
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whence 


= sin tt/S sin - irlS) + Ci 

^'a = - sin 7r/3 sin (6 - irJS) + G^. 

From equation (10) Gi + G^ = 0. 

In equation (11) putting S' = + 277/3 

—[sin tt/S sin (47r/3 - tt/S) + ^ 71 ] + Jjif/2 => 0, 

Im^Si 


whence 

and 


G^ 

G, 


2E ’ 
2E* 


In equation (14) with the same value for 6' 
—[sin 7r/3 sin 7r/3 + Oj] + Jjtf/2 
= —[ - sin 77/3 sin 77 + Og] + Zaf/2 

Xi 

whence Gx- G^— - sin* 77/8, 

and eliminating the constants of integration 


E 


0-75. 


Now when 6' => 0'p+i 

it is found by the similar use of equations (10) and (14) that 


and 

wherefore 


C>-3/4- 2^, 
0 \ - O'a = - V3/4, 

= 1-29. 

Ml 4 


The value of the rectified voltage Em is obtained in the usual 
way from the formula 




*/ 
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according to definition, and hence depending on the particular 
value of ff, viz. + 27r/3 or O'p+i, and for p = 2 

EmIE = 0-366 and E'mIE = 0-206. 

The open-circuit value is 

EmoJE = SJtt sin irJS = 0-827. 

These results may he tabulated as follows:— 

EmoJE = 0-827 Imo — 0 
Em^JE = 0-366 Im^iJE = 0-76 
E'mzJE — 0-206 = 1’29 

EmsoJE = 0 . Imso^xJE => 3-0 

where Emo ib the mean rectified voltage on open-circuit, and 
Tjtfafl is the mean rectified current on short-circuit. Emz, Im'i, 
E ’m, Fm are the mean rectified voltages and currents at inter¬ 
mediate loadings. 

From these values of the load currents and voltages, the 
external characteristic of the rectifier may be ascertained, re¬ 
membering that between points where only 1, 2, or 3 anodes 
are functioning during the sub-multiple period 2'7r/3, the relation 
is linear. 

Thus the open-circuit voltage determines the point where 
the load current is zero, and a straight line can be drawn 
through this point to the point whose co-ordinates are (1-29, 
0-206): from the point (0-76, 0-356) a straight line should be 
drawn to the point (3, 0). (Fig. 132.) 

The short vertical line connecting the two characteristics 
represents a true discontinuity which will be discussed later. 

General Case.—It will be apparent that if an overlap exists, 
a discontinuity will occur m the scheme of operation on page 187, 
and therefore when p and jp + 1 anodes function, the periodic 
interval of 2irjm must be separately considered from the double 
viewpoint of the angles a and and separate calculations made 
for each. It is convenient to employ the symbols above for 
the angle and the same symbols with a double dashed sign 
for the interval a, but in other respects the method is the same. 

When the separated periods are employed it is evident that 
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the following relations also will apply 



V = E Bin 6 


and 

v" = -ijSIsin 6 + sin {d - 27r/??i)} 
= E cos Trim sin {6 - tt/tti) 

9o = a 


from equation (1) 
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it is necessary to perform m complete separate calculations, in 
each analysis employing all the characteristic equations given. 
Thus, for instance, putting ^ = 1, the open-circuit condition 
is obtained, but there comes a time as the load increases, when 
the inductive E.M.F. increases to such an extent that the 
overlap lengthens and ^ = 2. For this state of affairs a new 
series of calculations is required, and at this point it will be 
necessary to take into consideration the divided period a and yS, 
and the duplicate equations will be needed. The value so 



Note. The Figures represent the Number of 

ANODES OPERATING. 

Fia. 18S.—Six-phase reotifler oharaoterlstlo. 

obtained will persist for a state of loading when ^ = 3, and the 
process is repeated. Finally when p = m the short-circuit 
condition above is reached. The calculation of the complete 
characteristic is thus a lengthy process, and will only rarely be 
necessary. The full calculations have been omitted and only 
the resulting curve is reproduced. 

If the hexaphase case is investigated, the general curve of a 
rectifier will be obtained and is shown in Fig. 133, where it 
will be seen that as the load current increases, so the number 
of anodes p which function at one and the same time, also 
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increases to the short-circuit point, when all the six anodes 
supply current together. That this would happen could he 
deduced from the above analysis directly, where it is seen that 
as the load current Ijf increases so the angle of overlap 6q 
increases, which from equation (14) infers that p also increases 
to a maximum value of m. 

The above analysis results in a series of discontinuities in 
the characteristic curve, which are not observed in practice, 
and it is possible that their absence may be due to some delay 
action in the operation of the arc. Child has shown that a 
phase difference exists between the light intensity of the arc 
and the current, which may be as much as one-twentieth of a 
cycln This infers also that the theory of the arc conductivity 
is not yet thoroughly explained, and it would appear probable 
that bound up with this experimental fact, is the unexplained 
absence of the discontinuities, which theory would expect to 
be present. 

This analysis has been investigated at some length; but it 
is interesting to note that the rating of rectifiers is usually well 
below the short-circuit point; and thus the earlier calculations, 
embodied in equations (6) to (8), will meet most of the require¬ 
ments up to full load conditions. 

This naturally leads up to a further investigation by means 
of calculations of wave form, which assumes that at the most 
only two anodes function at one and the same time. 

Single-Phase Rectification.—Having described in some de¬ 
tail the general method, it is interesting to apply the method of 
analysis, which results immediately in the wave form of the 
current. This treatment is not available for the general case, 
but it is useful to be able to employ it in certain particular cases. 
The equation for this deformed wave can be easily ascertained 
by referring to the conditions appertaining in Eig. 116. 

Let the voltage of supply be denoted by 

E Qm 6 

and r and os be the resistance and reactance of the load. Then 
if the drop across the rectifier is neglected, 

di 
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m 


or 



=» — Bin ^ 


The solution of this equation is 


. j® r sin ^ - aj cos 6 ^ 
+ 2 , «s 


Now when 0 = 0, i == 0, which provides a value for the con¬ 
stant A and hence, writing 

tan a, — — 
r 

the onginal equation becomes 

«■ =■ — - {sm (^ - a) + 6 ® sin a} . (19) 

^,.2 + aja*- 

The term 


E sm a “i® 
+ x^^ 


is the one which contributes to the spreading out of the current 
wave, and thus renders this type of rectification possible; at the 
same time a certain lag a is obtained, and 
the inductance, therefore, has the dual 
effect of introducing a wattless compo¬ 
nent as well as decreasing the undulatori- 
ness of the wave. 

Further, this effect is rendered greater 
or less according as x is large or small 
compajed with r, and it would be anti¬ 
cipated that a load with an impedance 
with a preponderating inductive term 
would result in a smoother wave form 
than one where the resistance predom¬ 
inated. If the load is non-reactive the same effect can be 
obtained by the insertion of a reactance in the load circuit. 

Biphase Rectification—Wave Form Method Theory.—It 
should be mentioned that whereas in Fig. 116 two separate 
rectifiers are shown, in actual practice in mercury vapour 
rectifiers two anodes at least must be included in one bulb, as 
shown in Fig. 1B4. Thus before one arc is extinguished the 




E an 0 

O «J • 

r. ftrr* ■ • •>! 


z.-n-j*. 


11 r ri Am • 11* 




T 


Lwl' 

Fig. 184. — Skeleton dia¬ 
gram of mercury vapour 
rectifier circuit. 



204 ALTEBNATING CUKBENT BECTIFICATION 


other is prepared to take its share of the ourrent. Under these 
circumstances let the impedance of the primary circuit be 

« n + jx^ 

and of the rectified circuit 

• 2’2 “ ^2 + jx^, 

ii and will be the instantaneous currents m the two anode 
circuits, i and i' are the instantaneous currents in the rectified 
circuit, during the period when two anode currents are flowing, 
and when only one anode is functioning respectively, e® the 
constant voltage drop across the arc, and the counter E.M.F. 
of the load circuit. The net back E.M.E. is therefore 

6 — Ba + 6b’ 

Finally, is the angle of overlap of the two current waves 
(see Fig. 117). 

Firstly, consider the rectified circmt during the period 6^ when 
both arcs exist at one and the same time; the equation to the 
voltage drop is 

+ rSx + ii) + e =- 0 . . ( 20 ) 

and during the same period a similar equation can be written 
down for the secondary circmt of the transformer, assuming in 
this case a 1/1 ratio of transformation, viz.;— 

- E sin ^ - i^) - = 0 . (21) 

Secondly, during the period from 0 => till ^ tt, i.e. when 
only one anode is functioning, 

E sin ^ = e + + x^-^ . (22) 

where i' is the instantaneous current in the rectifier circuit. 

From the above it will be seen that the primary and the 
rectifier impedances can be considered as one by writing 

Z ™ Zi + Z^, 

r =» 7*1 + 7-2 and x = x-^ + x^. 


and therefore 
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Thus equation (22) can be written 

E Bin 6 - ri' - - e =■ 0, 

and the solutions of these three equations are 

~-e fi 

i = ii + = Ae - 

^3 

sill ^ cos 0 „ 

= -+b. ^ 

and = -- + 0^"'. 

+ x^ r 

Let — = a, — = 6, and - = c 

X1X2 X 

and — = tan ySi and - = tan /8. 

»*i r 

The equations may now be written 

i == ii + ig = Ae~^^ ~ ^ 

% - »i = - f sin (d - /8,) + Be-»* . . (24) 

and i' = ^ ain (« - ^) - -^ + Ce-*. . . (25) 

Now the rectified current when both arcs exist is 

+ ij = i, 

and when only one arc exists it is 1 '; further, the constants are 
to be determined by the terminal conditions, which are 
for ^ = 0, ^2 “ i, and = 0, 
and therefore in equation (4) 

= A -or ^ = (^)e=o + 

rg rg 

In equation (24) also for ^ = 0, ig = ?) and = 0 
and therefore 

- (*)fl=ti = ^ sin /Si + B, 

IS 

or E = (■j)fl=.o - sin ^i. 
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Finally, in equation (25) for 6 = ir, i' == i 

(Ofl=o = 5 sin /3 - - + Ge-«"' 

Z r 

G = e'^|(^)e,=o + - ^sin iSj. 

The farther condition for the end of the period of overlap 
is also available where 

^ ^o> “ 0, ii ~ i, and i' ^ i 

and hence, as 

(^)ff=o = = iQ (say) 

“ f - sin {9, - ySj) - 
E 

= ^ sin (9^ - ^) -j+ ae-®«o 

Filling in the values for A, B, and C, as arrived at above 

(i, + i - I sin (e, - A) - s—•(», - I sin a) 

= ^ sin (^0 - ^) “ ~+ ^ sin /S|e“'>®o ( 26 ) 

At this point it is necessary to stipulate whether the rectifier 
will be used on a constant voltage or constant current system. 
In the forrner case E will have been given and % can be elifiain- 
ated; if this operation is carried out, the following equations 
are obtained from which with a certain amount of trouble, the 
overlap can be calculated:— 

g-aflo 

5 “ ^^0_goC^ - 9o) 

1(1 - e-^o) + |.|g-a.o ain p, - sin 0? - 
^ e E ^ — (27) 

-a - e-6«o) + -{ain (^ _ ^o) gin ^ 

On the other hand, however, if the circuit is supplied from 
a constant current transformer the mean rectified current also 
will be constant, and it may be assumed that this mean current 
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will be approximately equal to the instantaneous value of the 
rectified current at the time when 0 = 0, and thus 

^lU ^ 0 * 

In this case JS should be eliminated from the two equations 
(27) with the result 

ec(»-9o) sm j8+sin (j8-(9o) 
e"'*®#. sin J3i - sm (jSj - 0^) 

eo(ir-0o) - e-69o+ - e-60o)+ _i_ |gO(ir-flo) _ 1} 

-f. (28) 

Eeturning to the equations of the currents 

*^3 ^ ,^€ ^ — 

^2 - “h = - ^ sin (^ - jSi) +Ee-“® 

■^1 

i' = I sin (^ - )S) - ^ + (76-^ 

and filling in the values obtained for the constants A, B, and G 


h + h = “(e-*’® - 1) + v-»«.(29) 

E 

ii - S = - ^^{sin (0 - jSi) + sin i8ie-“«} + v""* • . (30) 

w 

i' = ^{sin (^ - j8) - sin j8} + -1} + (31) 


Now the current equations can be completely determined 
when the circuit constants are settled, and also when E and Iq 
are fixed by the conditions of supply. In the case of a constant 
current supply Im is given, and E in the case of a constant voltage 
service, and hence, given one of these quantities, 0q can be 
determined from either of the equations (27) or (28). This value 
of 00 inserted in one of the equations (26) will enable the other 
to be determined, and from these two the current equations can 
be completed. 
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There is one case, however, viz. that where the cairrent is 
given, where it may be of advantage to ascertain the voltage 
required to supply a certain current, as for instanetj in the c.aHo 
of battery charging. Here the charging current will bo known 
before the set is designed, and hence the condition /m - i.s 
available to an approximation. The procedure is then to 
eliminate E from the equations (26) and proceed to fill in the 
values of the constants and thus ascertain the cjurront waves. 

Biphase Rectification-Practical Example.- To make th(^ 
matter clear a numerical example is given, hut in choosing the 
values of the resistances and the reactances a rough culonlatiou 
beforehand is advisable to make sure that an approximately 
correct value for the impedance is inserted. 

Assume then that a 110 volt battery is to bo charged with a 
normal current of 10 amperes, and thus e -- 124 volts and 

Tiw = ifl “ 10. 

Also assume 

= 0'2 - IGj and ^ - lb j, 
whence Z ~ S‘2 - 31/. 

This at once gives the values of the constants 


a = ^ = 0-0126, b- - 0-2, 0- ^ ^ 0-10:i, 
also tan ^i = ~ and ~ 89'3" and similarly ^ ' HI' 1 
The equation (28) for 6^ may then bo written down 


0 - 995 eOiWir-flo)+ sin (84-1 j-jy - iOe + ()'4» 

0-999e-“oi2fin „ Bin (89-3“ - 0^) " e - 4*13 * 


This expression for 0^ has now been reduced to its simplost 
form algebraically and it only remains to calculate it. Attempts 
have been made to evaluate an exponential equation of tliis type, 
but BO far the writer has not discovered one which for speed in 
this particular case equals that of tabulating the right and loft 
hand sides of the equation for various values of Sq and plotting 
the two curves so obtained, their point of intersection being the 
value sought. In this particular numerical instance one hour 
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sufficed for the calculations, using four points, viz. 30“, 40°, 60° 
and 70°. The first two values will indicate the relative slopes 
of the curves and these will give a rough idea of the next best 
values to assume. It is usually only necessary to take two more 
points to arrive at a result amply accurate for the purpose. 
It might be stated that such approximations as Newtons, 
Legrange’s Theorem, etc., do not apply generally to functions 
containing exponentials, and if an equation can be arrived at 
which purports to give a true value, it itself can only be an 
approximation. 

It will be shown later, however, that to a close approxima¬ 
tion equation (5) may be employed to calculate 6^ directly. 

In this particular case Oq is found to be 66°. E can now be 
obtained from the equation (26) viz.:— 


(*■“ + ^ “ I- (*" - 

whence 



sm ((9o - )0i) + sin 
-- H89 volts (maximum value) 

~ 276 (R.M.S.) volts if a sine wave supply is available. 


The current equations now become 
h h % {sin “ A) + e “sin /SJ -H - e""®) + -1)1 

ry J 


and 


% y{Hin ~ ~ sin - 1) h- 

/j T 


whence filling in tbo values obtained 

ti+ ty fil'd fc 41-3 

^ 12 4fi sin - H4*r’) + 36-9 - 38'H 

12'lfi Rin(^ - H9':r) + 7*lfi e-"-"!-'’-® H-26'6e-“'2fl _ 20-6. 


These currents are plotted in Fig. 136 and it will be noted 
that the anode current has a negative value from 0 to 46°. 

14 
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This in the nature of things cannot happen in practice because 
the anode is not a hot electrode, but theoretically no condition 
is laid down whereby ii cannot exist below the line of zero 
current: it may happen in an actual case that if sufficient 
inductance is not inserted to ensure a greater variation from the 
mean value than is the case here, the value ii will be zero until 
a considerable time has elapsed: in this case until 46° electrical 
degrees have elapsed. This modifies the current wave and the 
resultant rectified current will take the form from 0 to 46° 



and ii + from 46 to 66°. However, in the ensuing calcula¬ 
tions of wave form this negative value of has been assumed 
to be possible—the example being chosen to exhibit the theo¬ 
retical possibility of such an occurrence, A further point is the 
assumption of the equality 

io = 10 = Ijf. 

It 18 seen that = 10 is true but on calculation 


Im => 7*36 
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which is too low a value for the mean or equivalent charging 
current The actual mean current equation is obviously 

1 m =^| i|^^{8in + 6“®® sinySi} + - e"®®) 

+ - l)\dd 

TT - d\o (^ “ i®) “ sin - 1) 

which on integration contains a number of constants, and an 
item Iq which is the value tor: 0 = 0, and also the overlap 

^ 0 - Now Jjf is determined by the external conditions and thus 
the equation provides a relation between E, % and 6^. A similar 
equation, viz. (26) has been arrived at, and if therefore an exact 
value is required one of the three VEiriables must be fixed. This 
is a lengthy process and it is usually sufficiently accurate to 
assume 

h = Im 

and correct afterwards by increasing the supply voltage by 
successive approximations, and arranging the tappings on the 
transformer secondary accordingly. 

As a check on the two methods, apply equation (5) of the 
direct method to ascertain the overlap. The equation is 

l-oostf,= . 

Bsin- 

m 

In the example x-^ => 16, Ijif » 10, w <=> 2 and E — 389, whence 

e, " 68 “, 

as compared with 66“ obtained by the wave form method. 

It is advisable to ascertain the actual wave form of the 
rectified current and the above example has been carried further 
and the analysis performed by the First Ordinate method 
(Chapter II.). 

Assume that harmonics higher than the seventh are absent, 
then the coefficients of the first seven harmonics are obtained by 
measurement. As the curve repeats itself every 180“ all odd 
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harmomca are absent also, and it can be shown that even values 
of hn become zero after 6 =» 2. Thus 

= 1^(10 - 4-9 + 1-9 - 6-8 + 9-6 - 11-4 + 10 - 4-9 + 1-9 - 

58 + 9*6 - 11'4) 

= - 01 

- KIO - 2-8 + 5*8 - 10*8 + 10 - 2-8 + 6*8 - lO’S) 

=. 0*66 

£ia = i(10 - 5*8 + 10 - 6*8) 

= 2*1 

- i(2-8 - 10*8 + 2-8 - 10 8) 

= - 4. 

The corrections are as follows:— 

«2 ■= 2*1 - a, = 2*0 

flo = 10 - 2 - 0*66 - 0*1 

= 7*36. 

The wave form is then 

7*85 + 2*1 cos 2^ - 4 sin 2^ + 0*55 cos 4^ - 0*1 cos 06 
and the ordinates as calculated from this are as follows:— 

Vq = 10, Vio « 6*4,2/40 = 3*2, = 2*8, y^^ « 4*65, 

&100 =* 7*15,2/iso =“ 9*8, ^140 =• 11*2, ymo =« 11*45, and i/iae = 10 
which agree well with the plotted curve with the exception of 
the value for i/m where a point of discontinuity occurs, and 
accuracy cannot be expected -with only seven sets of ordinates. 
The above wave form may be written 

7*35 + 4*52 cos (26 + 66°) + 0*66 cos i6 - 0*1 cos 

and is seen to consist chiefly of a harmonic of double frequency 
shifted a distance above the 6 axis equal to the mean value 
7 36, as would be expected. Further, the angle of lead of this 
double harmonic of 65° gives some clue to the angle of overlap 
6q although it cannot be expected to be accurately equal to 6^, 
which in the case under consideration equals 66°. 

The^ prinaary current of the transformer is obtained by 
evaluating ~ for the period 0 to 6o, and from 6^ to tt, 
reversing (i^ - from tt to tt + and also % from v + 6n to 
27r and adding the two curves so obtained. 
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This curve is plotted in Fig. 136, and the supply voltage 
E sin 6{= 389 sin 6) is also shown. The curve for the 
pnmary current is seen to be symmetrical about a vertical line 
through the value of tt, and therefore contains no even har- 



FiG. 136.—Supply ourrent to meioury vapour reohfler, 

monies. If it is analysed according to Thomson’s rule the 
following values are obtained:— 

Oy = - 0'14 

67 = + 0'31 

<*6 «= + 0*66 

6 g = - 0'4 

Olg = - 0‘41 

63 = - 0*43 

= — 10 

61 = + 6-5. 

Hence with corrections the values are as follows:— 

flt 1 “ Cti\ ~ fjg — “ CL'j 

« - 10 + 0-41 - 0-66 + 0-14 

= - 10-1 

& 1 = 61 + 63 — 65 + 67 

« + 6 - 78 . 
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The wave form is therefore 

- lOT cos e + 6-78 sin (9 - 0*41 cos 30 - 0-43 sin 30 + 0-66 
cos 50 - 0‘4 sin 50 - 014 cos 7^ + 0*31 sin 70. .. . 

This equation may be written in the form 

11-6 sin (0 - 60°) - 0*69 sin (30 + 43“) - 0-76 sin (50 - 58°) 

+ 0-34 sin (70 - 24°) . . . 

and the effective value of the current is 

+ 0-592 + 0762 + 0 - 342 ) 

= 8-2 amperes. 

The maximum value of the equivalent sine curve is 13-7 
amperes, and seeing that the E.M.E. wave has no harmonics, 
the harmonics in the current wave contribute nothing to the 
power consumed; and the power factor is a lagging one of 60°. 
The equivalent sine wave of current can then be drawn in 
Fig. 136 and although the curve appears to be irregular, in 
reality it differs litfcle from that of a pure sine function. 

An analysis of one anode current from 0 to 236° gives the 
following result:— 

3-74 - 6-8 cos (0 + 31°) + 2*35 cos (20 + 62°) . . . 

If this curve is reversed and shifted forward 180° and the two 
curves so obtained added together the result agrees closely with 
the rectified current. 

It is now possible to calculate the net efficiency in this par¬ 
ticular case; the input is 

2 X 276 X 8-2 x 0*89 = 4-0 K.W. 
and the output 

250 X 735 + i X 164 x 2-1 x 0-42 - 1-89 K.W. (page 221), 

or an efficiency of 47 per cent. Ifc must not be assumed from 
this example that this poor efficiency represents a normal case, 
as a considerable loss is incurred in the inductance and resis¬ 
tances. As stated above these constants have been introduced 
not with any idea of providing design data, but to indicate 
the theoretical process of analysis. As a matter of fact, as will 
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be seen later, very high efficiencies may be expected in mercury 
vapour rectifiers. 

In the case of the primary impedance the voltage drop in 
the resistance which is in phase with the current is 

(ig - for the period 0 to 9q 
and i'r-y for the period to tt. 

The reactive drop at a quarter phase displacement from the 
current is 

period 0 to 

and ^ for the period 6^ to tt. 

In the rectified circuit similar values obtain with the sub¬ 
stitution of the suffix 2 for that of 1 in the reactive component. 

Thus all the voltage drops are known and can be plotted in 
curves, the ordinates of which should add algebraically to the 
supply voltage E sm 6. 

Biphase Rectification—Wave Form.—Before leaving this 
analysis it is interesting to note the shape of the various wave 
forms involved, and in Eig 137 approximate curves are given 



Fig. 187. 


which are due to the late Dr. 0. P. Steinmetz and which indi¬ 
cate the reactions very clearly. 

I. Impressed A.C. voltage. 
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II and IIL Voltages across each anode m turn: that is (with 
a biphase arrangement) one half the supply voltage. 

IV and V. The anode currents (with no inductance), tt 
electrical degrees apart. 

VI. The net rectified current with no overlap, showing that 
as the current falls to zero every tt degrees the arc will go out 
and will not restart. 

Vn. The two anode currents with overlap due to induc¬ 
tance. 

Vni. The addition of the two anode currents, i.e. the net 
rectified current. 

IX. When both arcs exist the anode potential must be the 
same in each case and hence the voltage across the two anodes 
is as shown in curve IX. 

X Hence the E.M.E. absorbed by the reactance must be the 
difference of the impressed voltage and that across the anode 
terminals, and the drop across the primary reactance is curve 

X. 

XI. However, between the two peaks in X the voltage can¬ 
not actually be zero but takes the form XI. 

XU The function of the biphase rectifier is to reverse the 
negative half of the wave and hence the voltage between the 
cathode and the mid point of the transformer is IX with the 
negatives reversed as shown m XII. 

XHI. The rectified voltage must never fall below the arc 
drop and hence a reactive voltage must in the case of low re¬ 
sistance secondaries be inserted in the rectified circuit to retain 
curve XII above the datum line, and this is done by the induc¬ 
tance (Zjj rjj), the drop across which is shown in XHI. 

The above are only diagrammatic but indicate generally the 
shape of the various wave forms concerned. Actual oscillo¬ 
grams show a general agreement as the accompanying photo¬ 
graphs will demonstrate (Figs. 138 to 147). 

Finally there is an interesting point in the study of periodic 
transients which may occur in rectifiers, and will be due to the 
discontinuity in the current curve in Fig. 135 at the time when 
<9 =. ^0 at the end of the period of overlap. It will be noticed in 
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Fig. 148 that a transient voltage of high frequency exists be¬ 
tween the anodes at the end of the overlap period and this is 

due to the abrupt change in the reactive voltage ® ^ 8't this 

point. Fig. 148, which is the outcome of a defective tube, should 
be compared with Fig. 141 where the transient term is non¬ 
existent. It is possible that the amphtude of such a transient 
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Figs. 188-148. 



which is difldcult to trace may be sufi&cient to cause a breakdown 
in the insulation of the transformer windings. The necessity 
for periodic testing of the rectifier plant is obvious and should 
not be neglected where reactive circmts are concerned. 

Simplified Calculations.—So far the circuit has been con¬ 
sidered from fundamental principles and the wave form has 
been arrived at having due regard to the various circuit con¬ 
stants, 
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The rectified wave form on analysis takes the form 
Im - I 2 cos (2$ + (ji) 

plus higher harmonics. These higher harmonics, however, are 
of a lower order than the second and to a near approximation 
may be neglected; the wave form can then be assumed to 
comply with the equation 

Im - I 3 cos {26 + 
and the rectified voltage 

Em - E^ cos 26. 

Now in calculating for any one particular case it is usually 
necessary to commence with the voltage or current (or both) 
fix:ed, and one pan also say what variation from the mean value 
is to be allowed. 

Thns a curve such as Fig. 149 can be constructed from the 


Fia. 149.—Uudulatonnesa of rectified wave form. 

data available, and according to equation ( 3 ), page 71, the 
effective values of such a rectified current and voltage are 

c/ =>y/i'j(® + ^and =^Em^ + ^ . ( 82 ) 

and the mean values, or the equivalent readings on a moving 
coil instrument are Im and Em respectively. The ratio of tho 
readings on moving iron and moving coil meters will be 

* (2A) (ft) ■ 

Eeferring to Chapter I. (page 19), the assumption that the 
rectified current is equivalent to a wave form 

Im - Jj cos (26 + <f>) 
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is seen to be the same as assuming that each anode current is 
a single-phase wave of the form 

■JJjf + Ii cos (^ + a) — -JJg cos (2^ -t- 
the effective value of which is 

W + W ■ • • (33) 

Further, the superposition of two approximate sine waves 
spaced tt degrees apart involves the following relation:— 

2 J^' = n/2 c/ 

and hence from equations (32) and (33) 

= 2Ii2 

which gives a value for the amplitude of the fundamental in 
terms of the amplitude of the constant term and second 
harmonic, viz.:— 

Ii* = W + W = 

The current carrying capacity of each of the anode cables 
must therefore be 71 per cent, of that of the rectifier cables 
instead of 50 per cent, as might be expected. 

As regards the supply voltage from the transformer outer 
to the neutral, the voltage is 

B cos 6 

where 2co 

The rectified voltage (effective value) is 

= + W . . . (34) 

as the wave form is biphase; and moreover 

(f = ' and Ell = • • (35) 

From equations (34) and (36) the relation 

S' ^ . . . (36) 

is obtained, where Bm is the reading obtained on a moving coil 
meter. There are two factors which must be included in 
equation (36), viz. the drop across the arc stream and the drop 
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fliCioss th.e indactance, and hence 


S = Em^ + + Ga + cSs 


where is, the volt drop across the reactance and is the 
voltage from each anode to the centre point of the transformer, 
and c is a constant. 

It is important to note at this stage that if a sine wave is 
assumed co" = —^ Em = VIIEm (see page 35), but that any 


departure from this will include another factor for the amplitude 
of the other harmonics. The above equation can, however, be 
written to an approximation 


= ITl&JE/jf + 6(1 + c<os. 


The maximum variation of the rectified current from the 
mean value, viz. Ij as indicated in Fig. 149 is obviously de¬ 
pendent on the angle of overlap of the arcs; this can be 
calculated from the approximate solution as follows :— 


^ == i-^M + -Zi cos (& + a) - -i-Ig cos (2ff + 
when i =a 0, ^ = 0 and hence 

ilju H- cos a - •JJj cos ^ = 0 
also when i = 0, ^ = tt + and therefore 

iijw - Ji cos -l- a) - cos ( 2^0 + = 0. 

Subtracting 

Zi {cos (^0 -f- a) -f cos a} + {cos (2 ^q -t- </>) - cos <^} = 0 
and Ji and Jg are related by the equation 

= W + i V. 


/jtr and 1,^ are given from the current curve as are also a and (j) 
and hence the relation between 6^ and Ig is obtained. 

From these relations follow immediately 

(1) Power input =■ 2(^c^ cos a, 

(2) Useful power output = EmIm + ^E^ Ig cos <f> (page 71), 
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(3) Efficiency 

(4) Power factor = 


cos 

2 (ot/ cos a ’ 

EmIm + COS <l> 

+ wy 


and curves may be drawn connecting each of the quantities 
with the angle of overlap 

The power input is obtained as follows: the transformer 
current => cos (0 + a). Similarly the transformer 

voltage = E cos 6 and the power input ■= 2,EI-^ cos a because 
the arrangement is biphase (page 36). 

Substituting the values for E and I-^ the input is 

2 SJ" cos a 


which may be written in the form 

2/nJ(E^ + cos a. 

Polyphase Rectifiers.—The only circuits which have been 
considered up to the present are those which result from a 
simple star connection of the phases as shown in Eig. 160. 


^snvhanms*\ 
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Single phase Biphase. PolyphaseCHexaphage) 

Fig. 160.—Simple rectifier oirouit—star connected. 

These systems have resulted in certain inherent voltage 
drops in the windings and the rectifier. It will be noted in 
what follows that the transformers supplying these rectifiers 
must be designed to meet the specialised demand of a 
discontinuous current, insofar as their secondary capacity is 
concerned. This results in an expensive type of construction, 
and attempts have been made to introduce different circuit 
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conditions to remedy this defect. At the same time it must 
be remembered that there are two methods by which a smooth 
rectified wave form can be attained, apart from the introduction 
of filters, viz. by the employment of high valued inductances, 
or by increasing the number of phases. The former method 
is not always the cheaper to instal, but results in a larger 
voltage drop on load; and in the latter case, the initial expense 
of a multiphase transformer of the order of eighteen phases 
has to be carefully considered. 

The introduction of what is called a “ regulating reactance ” 
in the earth circuit has done much to palliate the effects of 



Fia. 161.—^Mulfaiphasd oirouit -with regulating zeaotanoe. 


voltage drop on multiphase circuits, at the same time retaining 
the advantages of using a multiphase system. These two ad¬ 
vantages are coupled with one which is of great importance, 
viz. that the capacity of the transformer secondary is also 
reduced. 

The general case is indicated in Fig. 161 where an m phase 
system is divided into p groups each consisting of q phases, so 
that m = pq. The centre point of each is brought to the leg 
of a ^ phase inductance the centre point of which is the 
negative terminal of the load. 

The usual arrangement found in practice is a hexaphase 
system shown in Fig. 152. The two three-phase secondary 
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windings are evenly spaced, so that odd phases are brought out 
to one half of the negative of the regulating reactance A, and 
even phases to the other side. The middle point of the inter¬ 
connection of these vnndings is the negative terminal of the 
rectifier, and the coils of the reactance are connected m 
opposition. 

The rectified current arriving at point B divides equally 
into two parts, the one to the odd phase, and the other to 
the even phase secondary. 



I-''^ TERMINAL 

Fia. 152.—Hexaphase system with regulating reaotauoe. 

It will be remembered from Chapter I, that a three-phase 
rectified current consists of a wave form represented by 

Iq + cos 30 + Ifl cos 60 + . . .00 
and a hexaphase circuit has a wave form 

lo + Iq cos 60 + Ii 2 cos 120 -i- ... 00 , 

In the case under consideration each secondary supplies 
current of the three-phase variety, but the regulating reactance 
serves as a filter for the harmonics, which are odd multiples of 
three, and which circulate as a short-circuit magnetising current 
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in the reactance windings, resulting m an E.M.F. v being 
generated in the reactance proportional at any instant to the 
difference of voltages of the two circuits; thus 


and 


== 6340 ) 

i (^136 + 


At any instant there is always one odd and one even phase 
supplying current simultaneously; and each of three units, 
functions exactly as an ordinary three-phase rectifier, supplying 
one half the total current. For a large value of the regulating 
reactance, from equation (6) 


1 - cos 0Q 


E Sin 77 
fa 


gives the overlap ^0 a* hexaphase system, hut 


1 - cos 0a 


■n • 

E sin ^ 




is the equation for the overlap for the new system. Thus the 
overlap is much less in the latter than in the former, and it 

follows that less inductance is required in the anode circuit; 

and as in an ordinary hexaphase circuit (equation 8, page 192). 

3 

AFJjf =» —x^Im 

TT 

but for the divided phase system 

\ TP 3 iif 8 j- 

thus the drop in the latter case is only one quarter of its value 

in the former. 

In the general analysis of p groups of m phases 
q xJm m 


AEm 




27r ‘ p 27rp‘^ 

showing that the drop in voltage is only the value in a 
simple case of m phases. 
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General Polyphase Current and Voltage Relationships.— 

The general calculations of the wave form of a polyphase 
system have been given in Chapter I, but they are recapitulated 
here for convenience. 

Quite generally any loop of a polyphase system, which obeys 
a sine law, may be represented by 

i = I sin|(9 - 

I m ) 

where k is any integer from 1 up to m, and the mean value of 
the rectified current will be 

IT I 2Jfc^l 

T T m . fn 2(yfc - 1) \ - ml . tt 

Lf = I X 1 .r s 1 ^ “ TT * — sm — 

in 

and tl]g, effective value 

2 in 

If is the effective anode current per phase as before, the 
average of the ordinates squared is taken over a whole cycle 
and 


2 VI 


2{h - 1 ) 


P/1 m . 2': 


w\2 


+ -j- sm 

477 


and therefore 


L , fth 2ir 

itr m 

TT m 

If the nimibcr of phascis is above throe tho o.xproa.sioii 

V - m . 277 

1 + n-- sm 

277 7n 


L 97h . 277 

1 + sm 

277 7)1 

/a7n . 77 

/2- sm — 

^77 m 
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approximates to unity and hence 

_ Im 

Jm 

In the case of the voltage the result is diderent as the 
E.M.F. continues to vary from the beginning to the end of 
each semi-oscillation whether current is flowing or not, and 
hence with the same notation as before 


and also 




Bn 


mE . TT 
— sm — 

TT m 


and hence Bn or its corrected substitute 


Bm + + cEi 


.jrm . TT 

® \/2~ sin - 

TT m 


whence 


S' 


Bm + 6a + OE^ 

. TT 

v'S- sin — 

TT 


(37) 


(38) 


and for a six-phase supply 

Em + 6a + cEi 
1'36* 

where the constant Ic is introduced to allow for certain manu¬ 
facturing approximations. 

In an actual example quoted by the Erown Boveri Uo. the 
nominal voltage across the inductances was 30 volts, the arc 
drop was 20 volts and g and Ts were found experimentally to be 
1 2 and 0 97 respectively. A contmuous voltage of 230 was 
lequii-ed for the six-phase rectifier and the voltage was therefore 

^ 230 + 20+ 1-2 X 30 
1-35 X 0-97 


218 volts 


between the transformer neutral and each anode. There will 
ateo be a voltage drop on load which must be aUowed for, and 

the power factor wiU be about 0-9. The no-load voltage of the 
rectifier will then be 

1*36 X 0-97 X 231 - 20 « 282 volts 
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and the total drop will he 

282 - 230 = 52 volts = 18*5 per cent regulation. 

If this drop is too great the chokes must be supplied with turns 
which can be short-circuited and then allow c ■= 0*2 in place of 
1-2. The transformer will now give 198 and 210 volts at full 
and no-load with a drop of 23 volts in the rectified circuit 

( = 9 per cent regulation). 

With regard to the calculations for the currents, 

Im 

and in the case of a six-phase circuit = 2'46, which in 
practical cases should be increased to 2‘8 or 3 to allow for 
especial losses. 

Power and Size of Transformers.—The size of the trans¬ 
former required is determined from a consideration of the power 
output, but it also depends largely on the number of phases, 
since the anode current only flows when the voltage of one 
particular phase exceeds that of the others, and hence the ratio 
of the effective value of the current to the maximum or crest 
current is much lower thau in an ordinary sine wave. This 
has a distinct bearing on the size of copper conductors and 
therefore on the ultimate size of the transformer. Thus if 
is the primary rating, P* the secondary rating and P the power 
absorbed in the rectified circuit, indicated in Fig. 130, then 

Pa = 


+ Ga + gEi Im 
V2-sm- 

TT 7)1 


(39) 


where Cj is a further constant introduced to allow for certain 
manufacturing difficulties. 

For m = G this becomes 


Tj p + Go, + oEi Im 

^ 1-36* • 
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Then for valnes of the constants c => O’2, Jc = 0‘97, = IT6, 

e = 20 volts and FI = 30 volts, in a particular case, whence 
P. = l-61(Pjf + 26)Jjf 

and thus the transformer should be designed for an output 
about 60 per cent, greater than the direct current load. 

So far as the primary of the transformer is concerned if Pp 
is the KV.A. rating 

P = ^ 

^ v cos 0 


where tj is the overall efficiency and cos ^ the power factor and 
P = + -J/j*). If = cos ^ ™ 90 per cent., 

the primary power rating need only be 20 per cent, greater than 
the D.C. loading. This apparent paradox is worthy of careful 
attention as a transformer rated in the ordinary way may jr^iult 
in a la,ck of the power available and is likely to have serious 
results. 

The secondary capacity of a transformer with regulating 
reactance has been stated above to be less than its corre¬ 
sponding equivalent in the simple star connection. It has been 
shown also that the equivalent current in each of the three 
phase secondaries is Ijif/2, and that each bank behaves as a 
separate unit. In the general case, therefore, of p groups of q 
phases, the anode current in place of having a value 

becomes =» 

Ajm p^q Jpm 

and if 771 = 6, and^ ■= 2, as is illustrated above, 




Im 

2v/3 


in place of 


x/6 


and instead of a rating 60 per cent, in excess of the primary, 
the transformer need only be rated 14 per cent, above the usual 
value. This results in a considerable saving in copper in tho 
transformer, as well as in the leads to the rectifier. 

Equation (39) under these conditions becomes 


jp^ ^ + 6a + oJE^ In 

am - ' 

TT m 


MBEOUEY VAPOUE EECTIFIEES 


229 


Curves showing the effect of the change on the efficiency 
and power factor are reproduced in the next chapter. 

Transformer Primary Currents.—The act of rectification 
causes a deformation of the supply current wave, and this con¬ 
sequently reacts on the power input and also on the power 
factor. This question which is important is outside the scope 
of this work, as it affects transformer design rather than that of 
the rectifier itself, but the matter has recently been investigated 
thoroughly by von Krijgerand H. Jungmichl whose conclusions 
together with numerous oscillographs are contained in two 
articles in the E.T.Z. and E.u.M. (see Bibliography). The 
method which has been employed is as follows : with the same 
notation as before 


^2 = E 

fc^^B secondary voltage, and as the current only flows for a 
portion of the cycle, in a star-star connected three-phase system 





Oir 

“P sin® edO 

IT 

a 


if a sinusoidal current wave is assumed. This can be reduced to 



and the ELY.A. output 

= approximately. 

The power output, however, is 

Sir 

P. = ^\l sin" eiB 
0 

Thus the power factor is 



_ Elf v^3 7r\ 
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Similar equations can be constructed for delta-star arrangements, 
etc., which incidentally has the same power factor as star-star, 
and for delta or star zig-zag systems of connection. The powei' 
factor vanes between wide limits rising in certain cases to a 
value higher than 0 9. 
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CHAPTER IX. 

MBEOUEY VAPOUE EEOTIPIEES {amt.). 

Gbneeal Dbscbiption. 

General.—Theoretical analysis does not differentiate be¬ 
tween the two types of mercury vapour rectifier, and in this 
chapter those aspects are considered which apply equally to the 
rectifying unit whether enclosed in a steel case or in a glass bulb. 

Such differences as do exist are wrapt up chiefly in the 
maintenance of the necessarily high vacuum, but the two de¬ 
signs have diverged somewhat from one another on this account, 
and, therefore, two special chapters have been devoted to the 
consideration of the special features of each. 

Continuity of service and reliability are likely to be the chief 
criteria when the installation of converter plant is considered. 
In this respect the mercury vapour rectifier is certainly not be¬ 
hind its competitors. Experience so far would appear to show 
quite conclusively, that a mercury vapour rectifier will function 
at least as long as rotary plant without overhaul, and on this 
account is likely to be favoured. Where it is at a disadvantage is 
in its hmited overload capacity for long periods, a point which 
will be considered later, but the fact that overloads of 25 per cent, 
to 50 per cent, cannot be carried for long is likely to prove a 
serious drawback in a locality where the load is steadily grovTing 
over a term of years and fluctuating daily at the same time. 
On the other hand its capacity to bear short-circuit currents 
for a short time without damage largely compensates for the 
above disability. The only safeguard is in the installation of 
sufficient plant with an ample reserve in case of breakdown. 

The complete rectifier plant consists of a transformer with 
no special design features, that excepting of the secondary 
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rating which has to be carefully determined (see Chapter VIIL, 
page 228) for each case in turn, and which depends on the 
number of phases as well as the output required; and the 
rectifying unit, which may consist either of a steel container or 
a glass bulb controlled by switchgear either of the truck type 
or mounted on slate panels. No special switchgear is required 
beyond the ordinary circuit breakers and overload relays. 

In the case of the steel container rectifiers, development in 
design has advanced along the lines of ease of renewal of the 
parts likely to require attention. This leads to the employment 
of a container, the cover of which can be easily removed, yet 
which will maintain a sufficiently high vacuum for long periods. 
At the same time a vacuum pump is required for the removal 
of the air from the container as well as the occluded gas in the 
metal itself: an effective metal to metal seal is also required if 
the case is to be quickly dismantled and re-erected. The glass 
bulb rectifier rehes on the relatively long life of a bulb, and its 
comparatively small cost and ease of renewal, and its total re¬ 
placement in case of failure. 

There is a good deal to be said for each of these schools of 
thought, and the time is not yet ripe to state arbitrarily which 
is likely to supersede the other, or whether there will be a field 
for both. Certainly in the case of small plants of one or two 
kilowatts, the glass bulb rectifier has many advantages over any 
other competitor, but it may be that future developments will 
modify this state of affairs. 

The two types are described in the two following chapters, 
and in the design of any new installation, which to install must 
be left to the personal predilections of the Engineer, as the ad¬ 
vantages and disadvantages are almost equally balanced at the 
present time. 

Physical Characteristics.—Gunthe Schulze has conducted 
interesting experiments on the physical characteristics of 
rectifiers both of the glass bulb type and on that enclosed in a 
metal container. 

General particulars of three types of rectifier are given in 
Table XVI. where the arc temperatures are calculated. 














MERCUBY VAPOUR RECTIFIERS 

TABLE XVI. 


238 


Type 

Diameter 
of Anode 
lu Cms. 

Ourreut 
m eooh 
Anode. 

Volts 
Per Om. 
of Are 

Temp, of 
Wall 

C * 

Temp of 
Axis of 
Arc 0. 

Vapour 
Press, 
in Mm 

Gloss bulb for 

6-6 

0-6 

2-20 

200 

850 

0120 

100 amperes 
Gloss bulb for 

6-6 

lG-6 

0-68 

350 

2700 

1-4 

100 amperes 
Glass bulb for 

6-6 

100-0 

0-2G 

300 

4800 


100 amperes 
Glass bulb for 

6-6 

600 

0-2 

soot 

10900 

_ 

600 amperes 
Metal contamer 

— 

600 

0-09 

40t 

7400 

— 


Tests were also made to ascertain the effect of the variation 
of current with constant vapour pressure, and in Table XVII. 
data are given with the bulb temperature kept constant at 
200 ° 0 . 

TABLE XVII. 


Ciirruut in Amperes Volts Per Cm ot Arc. 

Temp of Are Degrees C 

0-60 2-20 

846 

1-10 1-04 

863 

2-60 0-61 

910 

6-20 0-36 

1108 

7-60 0-31 

1262 

12-60 0-26 

1487 


In the results given in Table XVIII. the current was 
maintained constant and the voltage variation with pressure is 
indicated; at the same time the mean free path of electrons is 
given. 

The variation in pressure was attained in part by loading 
up the other anodes and partly by msertmg the whole rectifier 
in a heating zone. 

This Table XVIII. is the result of calculation and is 
approximately accurate only. 

At the same time evaporated mercury is condensing on the 

* At anode. t Witli cooling. 
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TABLE XVm. 


Vapour Press. 

Volts 

Temp, of Glass 

Temp, of Aro 

Mean Free Palli 

iQ Mm. Eg. 

Per Om. 

Wall negroes C.* 

Degrees 0 

Om. 

0-003 

142 

260 

2276 

177 

0-067 

0-68 

260 

1418 

6-30 

0-081 

0-62 

260 

1320 

4-10 

0167 

0-47 

260 

1256 

1-90 

0-290 

0-62 

260 

1280 

1-14 

0-57 

0-68 

270 

1418 

0-022 

0-690 

0-66 

280 

1604 

0-640 

1-640 

0-90 

810 

1800 

0-286 

4-lGO 

1-18 

360 

2060 

0-116 

8-20 

1-42 

390 

2817 

0-0666 

13-60 

1-G8 

480 

2542 

0-0437 


walls of the container, and in the case of a glass bulb it will be 
apparent that a variation of pressure and temperature will be 
found over the surface of the bulb. Thus in the case of a bulb 
60 cm. long Schulze finds that the glass wall temperature 
varies from 100° 0. at the cathode to 49° C. at the top, and the 
pressure from 0160 mm. to 0*004 mm. mercury. This was the 
case of a bulb suitable for 100 amperes with cooling, and run 
at 30 amperes. Under these conditions 0*216 gramme of 
mercury condensed per second. If the bulb is loaded to 100 
amperes and cooled to about the same temperature and pressure, 
approximately the same conditions appertain. In the anode 
space, however, the temperature and pressure are approximately 
constant. 

The Arc.—At the liquid cathode there is a crater formed 
from which issues the stream of vapour; and round this crater 
the base of the arc travels at high speeds causing considerable 
eddies in the mercuiy pool. Above this crater there is a pale 
glow called the negative flame which is highly susceptible to 
the influence of a magnetic field. This negative flame is likely 
to play an undesirable part in the performance of the rectifier 
and should be kept to the smallest possible dimensions. 

If the container is completely filled by the arc the voltage 
drop is independent of the current (page 173), and also if the 


* At anode. 
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arc takes place in a medium at constant pressure the voltage 
drop varies inversely as the square root of the current. Neither 
of these conditions is strictly fulfilled in this particular case, and 
to a certain extent the voltage drop is affected by the amount of 
the current flowing. The effect, however, is not great and may 
be illustrated by the typical case of Fig. 153 where the upper 
curve (a) refers to the mercury vapour lamp, and the lower 
curve (b) to rectifiers. 

Thus the arc will be seen to haVb a slightly negative tem¬ 
perature coefficient, which, if rectifiers are required to be 
worked in parallel, necessitates the insertion of a resistance or 
reactance to ensure stability by changing the slope of the charac¬ 
teristic. Further, it is important that the arc should commence 



Fig. 163.—^Voltage regulation of mercury vapour raotifiera. 
with an anode glow, which necessitates a state of high evacuation 
in the container, as only in this case will the anode escape local 
heating and vaporisation leading to early disintegration and re¬ 
placement. If the rectifiers are rarely used, or if for any cause 
the pressure rises in the bulb, the arc is likely to concentrate at 
one point of the anode and this will be the seat of local pitting. 

Schulze has shown that the energy dissipated at the cathode, 
which is supplied by the bombardment of the positive ions, is 
made up from four sources, and although 58 per cent of the 
total current is carried by electrons, yet the far greater mass 
of the positive ions determines the increased energy due to their 
impact. (1) Thus 2*68 watts per ampere are dissipated by the 
wandering cathode spot. As the area of the spot is 2'53 x 10 ~ ^ 
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square centimetres per ampere, the current density is 4000 
amperes per square centimetre, which accounts for the high tem¬ 
peratures attamed. (2) If the temperature of this spot is as¬ 
sumed to be 2000° C., the radiation is 0*0366 watt per ampere. 
(3) Due to the high temperature, the mercury evaporates to the 
extent of 2*08 x 10 “ * grammes per second per ampere, and 
this requires 2*20 watts per ampere. (4) Finally the energy 
dissipated by the work done by the electrons during exit is 
4*1 X 0*68 =■ 2*38 watts p* ampere. The total cathode loss is 
thus 7*3 watts per ampere. 

The energy of the positive ions is so great and the tempera¬ 
ture of the spot so high that mercury vapour is evaporated at a 
great rate and the evolution of molecules drives the incoming 
ions to the side and causes the spot to wander over the surface 
of the mercury. 

Arc Voltage Drop.—It has been assumed up to the present 
that the arc drop is approximately constant, and of the value of 
about 20 volts. In actuality, however, it is not constant and both 
the electrode falls and the drop of voltage in the arc itself vary 
with the pressure of mercury in the container. Thus on page 
172 the value of the constant a is only true for one particular 
pressure. In Table XIX., which has been compiled by Schulze, 
the particulars of arc drops are given for varying conditions. 

TABLE XIX. 


Ooudensatlon 
Temp. 0. 

Frees, of 
Hg. in Mm, 

Voltage 

Between 

Electrodes. 

Anode 

Pall 

Volta. 

Volt 
Drop 
in Arc. 

Dlam. 
of Arc 
Om. 

Luminosity. 

SO 

0’004 

22-0 

18-0 

3-7 


Non-luininous 

60 

0*028 

20-3 

11-6 

3-4 

_ 

91 99 

106 

0-36 

14'6 

6-8 

8-6 

— 

91 II 

118 

0-68 

16-6 

6-6 

6-6 

— 

Luminous column 







at anode 

123 

1-07 

18-0 

6*6 

7-7 

8 

Luminous oolumn 
grows to oathodo 

140 

1*82 

21-0 

6-0 

9’7 

7 

Luminous oolumn 
grows to cathode 
Luminous oolumn 

160 

2-78 

24-6 

6*8 

12-4 

6 







reaches cathode 

160 

4-08 

28-5 

6-8 

11*4 

6 

Luminous oolumn 







reaches cathode 
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These tests were not actually conducted in a proper rectifier 
but in a box cooled by a current of air from a fan. 

Back-starting.—The two chief troubles experienced with 
mercury vapour rectifiers are (1) loss of vacuum, and (2) back- 
starting. The latter is the term applied to a passage of alternat¬ 
ing current without rectification and may be due to several 
causes. One of these is given on page 234, but the others can be 
enumerated as follows : — 

(1) An excessive voltage. 

(2) An abnormal vapour pressure. 

(3) Impurities on the cathode. 

(4) Quantities of foreign gas. 

The future development of the mercury vapour rectifier is 
probably bound up with this problem of back-starting, and it is 
the earnest desire of all designers to discover methods of over¬ 
coming the trouble. 

Consider the four possibilities in greater detail:— 

(1) Excessive Voltage. —The limit of voltage before back- 
starting takes place is a most uncertain quantity. Jotte has 
shown that with special precautions taken to prevent over¬ 
heating, voltages up to 20,000 can be rectified, but up to the 
present such is exceptional. Normally the anode is covered 
with a glow discharge which at high current densities tends to 
contract to a spot, and heats the metal to a high degree. The 
current then rises to a high value, and this is probably the most 
fruitful cause of the trouble. 

(2) Abnormal Valour Pressure. —This is obviously a cause 
of trouble as large currents, follow a rise in pressure. 

(3) Impurities on the Cathode. —A fortuitous impurity will 
cause back-starting, and to show the importance of cleanliness 
in assembly, it has been found that touching the anode with the 
fingers is often sufficient to introduce enough impurity to cause 
back-starting, but in addition the pressure of water vapour will 
cause the formation of iron oxide from the metal case which 
forms a sticky substance with mercury, which in time spreads 
over the surface of the cathode and causes trouble. 

(4) Presence of Foreign Gas. —The presence of oxygen will 
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lead to the formation of iron oxide mentioned in item (3) above, 
but generally the presence of alien gases will increase the pres¬ 
sure which causes itself an increase in the current. 

Although it is not safe to assume too rigid a relation for 
conditions of back-starting, yet Fig. 154 given by Schulze shows 
the connection between back-starting and load current. The 
indication is a rapid decrease in the voltage at which the phen¬ 
omenon occurs with increase in load. This is due to the 
increase in the vapour pressure with the load, and shows the 
necessity for an increase in the size of the container with current 
strength. This curve only holds for continuous loading, back- 



0. 20 40 60 80 100 120 140 160 
Amperes 

Fiq. ISd.—Voltiage of baok starbrng. 


starting taking place at much higher voltages on big loads for 
short perioda 

Wave Form.—The wave form of a rectifier has been dis¬ 
cussed from the analytical standpoint in Chapter VIIL, where 
the current curve has been calculated for an ideal case, and some 
oscillograms given of a particular rectifier. In Fig. 166 are 
given a series of curves showing how the undulatoriness of the 
rectified current may be lessened by increasing the number of 
phases. This is an analogous case to that of commutation 
whereby the amplitude of the commutator ripple may be de¬ 
creased by increasing the number of commutator segments. 
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There are obvious and practical difficulties in the way of in¬ 
creasing the number of phases beyond twelve, and a six-phaso 
system is the one more usually employed. The amplitude of 
the ripple may be further reduced by the insertion of choke 
coils, although the efifect of such devices is more apparent in 
the case of single-phase circuits than where more phases are 
used. 

Behaviour on Short-circuit—If a rectifier is continuously 
overloaded (see page 242) the anode is liable to overheat and 
may function as a cathode, allowing current to flow in both 
directions. This will constitute a short-circuit of the rectifier 
unit, but not necessarily of the load, because a flash-over of the 
anode terminals is not a necessary corollary, but nevertheless 
serious damage to the plant will ensue if the rectifier is not cut 
out of circuit at once, and protective gear should be included in 
the switchgear to cope with such an emergency. On a short- 
circuit fault on the load or cable system, if the fault persists 
for a short time only, the rectifier is unaffected. Eor dead 
shorts, however, suitable protective gear should be provided in 
the usual way, but the fact of the rectifier being able to with¬ 
stand heavy currents momentarily is of value in the case of 
transient surges. 

Parallel Connection and Operation. -- There are two 
methods by which the total existing capacity of a substation 
plant may be increased, (i) by running rectifiers in parallel, and 
(ii) using them in conjunction with rotary plant. Tho operation 
of rectifiers in parallel presents no difficulties provided (a) that 
the voltage drop in each rectifier is reasonably the same, or 
(b) that the faUing volt-ampere characteristic is converted into 
one of opposite sense by the insertion of a suitable resistance 
or choke. Such a reactance may be made partially automatic 
in action by using a movable iron core, controlled by a solenoid, 
the position of the core being determined by the particular con¬ 
dition of the load; but in moat cases no such complication is 

necessary. The method of connection of such a choke is described 
on page 244. 

As regsjiJs the employment of reotiaers -with other forms of 
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D.C. plant it is important that the voltage drop should be the 
same (within certain limits) for each piece of apparatus, other¬ 
wise the load will be unequally distributed. The drop in a large 
rectifier can be controlled to within 3 per cent, if necessary by 
automatic means, but in other cases where a poor regulation is 
preferable (such as in certain forms of battery charging appara¬ 
tus) it can be increased to 20 per cent, (page 243) 

The voltage drop is not constant in the case of new rectifiers, 
as it is higher when the plant is first installed. It is advisable, 
therefore, where parallel connection is required to ensure voltage 
stability by supplying current to an auxiliary load, so that the 
total output is constant, until the rectifier is sufficiently aged to 
cope with a varying load. 

Intermittent Working. — Intermittent loading originally 
constituted one of the real disadvantages of rectification by 
means of mercury vapour. In modern plants if the load is 
likely to fall to zero or to a low value, a special form of excita¬ 
tion is provided to retain the vapour stream in being. This state 
of affairs will cause no trouble if only a short period of no-load 
exists, say from 16 to 20 minutes; but if the condition is likely 
to persist it is possible that mercury vapour may condense on 
the cooling anodes and give rise to back-starting; it is, therefore, 
advisable in that case to disconnect the main supply or alter¬ 
natively to adopt some special means such as auxiliary excitation 
as described in pages 262 and 284. Devices can be employed 
to effect a complete shut down automatically (if so desired) by 
means of a time switch in the excitation circuit, but such a case 
is rarely likely to occur in practice where the load is only cut 
off for short spaces of time. 

There is another point, however, in intermittent working 
which renders it difficult to obtain good regulation and efficiency 
—the voltage drop in the arc is assumed to he approximately 
constant, and hence the watts lost in the arc are proportional to 

^idi, 

but the losses in the auxiliary apparatus, such -as resistance-s 
chokes and the like are proportional to 

10 
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and the total loss is proportional to the sum of these two quan¬ 
tities, which with varying loads will assume different values. 

Careful design, and if necessary subsequent modification m 
the light of experimental evidence after a period m service, are 
necessary to cope with problems such as these. 

Overload Capacity. —The pennissible continuous overload 
on a rectifier is less than that which can be allowed on rotary 
plant, because whereas the overload capacity of a rotary machine 
is limited solely by the heating of the windings, and any ex¬ 
cessive heating can usually be detected before any damage is 
done, m the rectifier the heating of the anodes which is the 
natural sequence of overloading is not so apparent. The volt 
drop is approximately constant, but this is only true for normal 
currents flowing; if the current rises to too high a value the 
drop begins to increase rapidly with a consequent increase in 
the watts lost m the rectifier itself, and a general rise in 
temperature follows. Back-starting or shorting in the rectifier 
will probably ensue with senous consequences (see p. 237). 
To ensure continuous working without damage the overload 
ratings should he kept to the figures given in Table XX. 

TABLE XX. 


Overload Rating Per Cent. 

Minutes oF PemusBiblu Overload. 

10 

60 

26 

80 

46 

20 

60 

17 

70 

10 

100 

6 


As rectifiers are very efficient at even low loads, there is 
little excuse for a permanent overload, and it is always safer to 
install a large enough plant initially, taking a liberal view of 
any possible subsequent extensions. 

On momentary overloads, however, these rectifiers have a 
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great advantage over rotary plant. In one instance of a steel con¬ 
tainer type of rectifier whose normal current was 400 amperes, 
a series of experiments was conducted to ascertain the per¬ 
missible overload on short-circuit; and it was found that for 
a fraction of a second 8700 amperes could be carried without 
damage. These testa were repeated for sixty times on two 
consecutive days and when the rectifiers were opened up the 
anodes were found to be in good condition. A similar test on 
a rotary machine would probably result in the plant pulling up, 
and possibly damage to the windings as well. 

Voltage Regulation.—From what has transpired it will be 
apparent that theoretically the only way of regulating the 
D.C voltage efficiently is by a change in the applied AC. volts, 
various devices have been invented from time to time to provide 
a constant voltage on load; and a few of the most important 
are described. Such wasteful and obvious methods as rheo¬ 
static control are neglected, as in practice regulation is never 
effected in large plants in this way. 

(i) Tappings on the transformer secondary may be provided, 
and this is commonly done in the plants where glass bulb 
rectifiers are used; but the arrangement is not very satisfactory 
because of the coarseness of adjustment. 

(ii) A choke coil may be inserted in the rectified circuit 
with an arrangement for cutting in or out the last few turns 
of the choke. This method is open to objection on the same 
grounds as (i). 

(iii) A choke with movable plunger which automatically 
varies the induction and therefore the counter E.M F. is a 
possibility but the regulating factor is not large for any given 
size of choke coil. The connections for such a device are 
illustrated in Fig. 166. 

(iv) An induction regulator in the primary side of the trans¬ 
former constitutes one of the best methods available, but is not 
often used on account of its expense. From the point of view 
of a voltage regulator it is an almost perfect device theoretically, 
and at the same time it works excellently in practice. The 
regulator may be automatically operated and as an infinite 
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number of steps are obtainable, the graduation of voltage 
change is exceedingly small. One objection to using such a 
regulator is the fact that the principle on which it works is 
that of an induction motor, and the power factor is therefore 
not high. Apart from this disadvantage the regulation is 
difficult to improve, and the watt losses are solely determined 
by the efficiency of the regulator. 

(v) In the case of battery charging equipments, buffer cells 
may be provided with auto-cut-outs, as is frequently done in the 
case of D.G. sets. Here again the coarseness of adjustment is 



Fia. 166.—^Voltage regulation by vanable plunger in choke coil. 


determined by two volt steps, and in battery charging alone this 
would not matter, but if the cells are connected permanently 
across the supply the adjustment would probably not be 
sufficiently fine. 

(vi) A device due to Messrs. Brown Boveri is worthy of 
mention, its action will be explained for a single-phase supply, 
but the patent specification itself should be consulted for further 
details In a biphase arrangement, as shown in Fig. 157, 
P and S are the primary and split secondary of the supply 
transformer and CO are two chokes, one coil of each of which 
is connected to each anode; the other two coils (one in each 
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choke) are joined in series with an inductance and rheostat in 
shunt across the rectified circuit 

Eeferring to Fig. 168, vertical ordinates represent the flux 
in the iron circuit of the choke, and abscisses the net ampere 

A C SUPPLY 



Fig. 157.—Brown Boveri regulator. 


turns wound on the iron The voltage of the rectified circuit 
provides for the purpose of the choke a constant excitation (al¬ 
though it is subject to slight variations); but the anode cur¬ 
rent IS varying, and hence the ampere turns contnbuted by the 
anode current vary proportionately. Let MP = ^ be the flux 

P p' 

-Ij.-L 

0 M“ M . M' 

Fig. 168. —Theory of Brown Boveri regulator. 

in the iron contributed by the anode ampere turns OM, then, as 
the choke is working at a point of high saturation, a slight 
increase in the ampere turns will produce only a small increase 
in flux. Let the constant D.C. excitation contribute ampere 
turns to the extent OM" MM' and the resulting D.C. flux 
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will then be =» M"P" and the total flux <j>' = P'M\ which 
is approximately equal to <j>. The counter E.M.F. when D.C. 
excitation is provided is proportional to ^'T where T is the 
number of turns on the anode coil; but when the D.C. ex¬ 
citation IS applied the total flux is 0' = i/r + and therefore 
as is contributed by the D.C. circuit, ‘yfr must be contributed 
by the anode current, and the counter E.M.F. is reduced to a 
proportionality to ^jrT. Thus the introduction of a compara¬ 
tively small D.C. excitation has a considerable effect on the 
counter E.M F. in the anode circuit and hence on the rectified 
voltage. 

The absolute determination of the rectified voltage is de¬ 
pendent on the value of the resistance in the rheostat, which 
can be set to any desired figure. The chief factor in the 
successful operation of this regulator is in the degree of satura¬ 
tion of the iron, and it is important that the saturation should 
be high even for small values of the anode current. 

It will be apparent that this method of regulation may be 
applied to three- or six-phase systems with equal success, and, 
further, if required the winding connected to the rectified circuit 
may consist of a compound coil, part of which is connected in 
senes and part in shunt. 

Over-compoundmg can be arranged to the extent of a 
10 per cent, rise if desired by adding sufficient series turns at 
the expense of those in shunt. 

A slight variation of this scheme has been devised by Messrs. 
Brown Boveri, in which a six-phase secondary is interlinked by 
means of the odd and even anode terminals, so as to provide, on 
a separate transformer, a voltage regulation within fine limits. 

In some of these cases where choke coils are provided it 
will be apparent that the insertion of a counter E.M.F., whilst 
contributing to the better regulation of the circuit, also has a 
direct effect on the lengthening of the rectified wave supplied 
from each anode and hence reduces the undulatoriness of the 
rectified voltage 

(vii) An ingenious device has been invented by Messrs. 
Siemens Schuckert for improving the regulation. It has been 
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stated that the arc is susceptible to the influence of a mag¬ 
netic field, and in this scheme the anode consists of either a 
metal ring through which is threaded an electromagnet which 
is in series with the main rectified current, or a circular trough 
contaimng the mercury cathode with the electromagnet threaded 
through its centre and connected as in the previous arrange¬ 
ment, only in the latter case a potential winding is added to 
the magnet, which is connected in shunt with the rectified 
current. The arc travels m an erratic manner over the surface 
of the cathode, and if it is distended by the influence of the 
magnetic field, and moreover is constrained to terminate on a 
comparatively narrow circular annulus, it will travel round in 
a circle with a more or less constant angular velocity. On 
account of this circular motion a counter E M.P. will he 
generated in the core which will be proportional to the load 
on the rectifier because the flux is controlled by the series 
current. The tendency of any generator of electrical energy 
which operates on a falling characteristic is to take more and 
more of the load as the voltage falls until ultimately it denudes 
the other sources of energy of their proportion and itself ceases 
to function; therefore the mercury rectifier wih have this 
tendency also unless it is corrected, and this device employs 
the counter E.M.F., which increases with the load to prevent 
it taking more than its fair share or, in other words, to give it 
the same effect as if it had a rising characteristic. 

Efficiency and Power Factor.—The drop of voltage in the 
arc only varies at the mrst from 16 to 20 volts, and the arc 
losses are therefore a product of the mean current and the 
arc drop, or, in the case of an 800 ampere high voltage rectifier, 
about 14 K.W. To this loss has to be added the iron and 
copper losses in the transformer and in the other parts of the 
circuit. As the iron losses in the transformer are to all intents 
and purposes constant at all loads, the main losses above a 
certain limit (about ^ load) are constant and the efficiency re¬ 
mains at a high figure which will increase up to a point with 
the voltage of supply. 

The following table, which is the result of tests made by 
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Messrs. Brown Boveri, indicates how these losses are made up 
for a rectifier working at about 300 KW.:— 

TABLE XXr. 


Item. 

Apparatus. 

Losses in 
Watts. 

Per Oent. 
Losses. 

Remarks. 

1 

Rectifier cylinder 

10,000 

3-10 

Losses approximately con¬ 




stant at all loads. 

2 

Transformer 

9,000 

2-80 

With partial load, efficiency 





dependent on iron losses 
more than on copper 
losses. 

8 

Anode choke 

480 

0-16 

Losses vary with the load. 

4 

A.O. excitation 

300-600 

0-09 

Losses commence at 600 and 





decrease to 300. 

6 

Auxiliaries (air 

900 

0-28 

When pump is stopped these 


pump, etc.) 



losses are nil. Usually 
the pump runs con¬ 
tinuously. 

6 

Voltage legulator 

800 

0*24 

Efficiency depends on load. 


Total 

21,480 

6-60 

Full load and overall effici¬ 





ency 98'3 per oent. for a 
300 K.W. rectifier. 


(Items 4 and 6 are non-existent in a glass bulb rectifier.) 
From the above it will be seen that 50 per cent of the losses are 



Eigi. 169.-—EfEecIi of supply voltage on efficienoy. 


due to the volt drop in the arc, and as this is practically constant 
an increase in efficiency will accrue if the voltage of supply is 
increased as the current sensibly remains the same and the 
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ITig. 160.— c, d. Effeot of a regulating reactance In various circuits. 
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losses are therefore constant; Eig. 169 shows the effect of the 
variation of the supply voltage on the overall efficiency for supply 
voltages varying from 65 to 1000 volts, and it will be noted that 
the efficiency nses from 78 per cent, at 65 volts to 97 per cent, 
at 900 volts—a considerable gain—but that the efficiency does 
not increase markedly after a voltage of 500 is reached. Any 
improvement therefore should be directed firstly to a supply at 
this voltage. 

It is necessary at this point to issue a word of caution as to 
the use of the word efficiency in rectified circuits generally. In 
the electrolytic sense, which includes 
the charging of batteries, etc., the effici- 4 

ency is measured by the mean value of -^ - - 

the current, whereas in most cases, such —®— 

as the operation of motors, lighting, etc., ^ .“ 

the “energy" current or effective value .'w-rp pw; 

is the one which is concerned. When, ^ 

however, the rectified current pulsates 
with a small amplitude (i.e. when the 

undulatoriness is small) these two values -®-®- 

are almost identical. It may therefore . 

happen that the efficiency of a rectifier 

may appear to be different when supply- T 

ing current to varying types of load I'm. i 61. — Experimental 

(page 76). 

In the previous chapter the effect of 
the inclusion of a regulating reactance has been considered, and 
the mode of operation discussed. The characteristic curves of 
a rectifier with delta and star connection, both with and -with¬ 
out a regulating reactance are shown in Fig. 160 and it is there 
seen that the voltage drop of the rectifier system is less than 
60 per cent., where a reactance is employed, than it is without 
such a device. 

So far the container loss, which is dependent on the drop 
in the arc, has been taken to be constant. This is not strictly 
true and it is interesting to compare the effect of this assumption 
with what is known to be the case. Dr. W. Tschudy has 
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conducted a series of classical experiments which elucidate this 
point and incidentally others at the same time. 

In Fig. 161 Ij and Vj and Wi indicate the effective current, 
voltage and power. 

The total input Wi = We-\- Wx+ Wg W 3 ', 

where We =■ transformer copper loss. 

Wi = transformer iron loss. 

Wg = bulb loss. 

W{ ■= power output. 


The transformer output =« Wi - We - Wi = W^ 

and Wi = Wi + W^' (corrected reading). 

The bulb input « W^ 

and the bulb output = Ws (corrected reading). 


WJ 

Eectifier efficiency % = 


Transformer efficiency 



Overall efficiency 773 


Wi' 


The bulb loss is calculated from the expression 

Wo ^ Wi - W3', 


The values of these different instrument readings are given 
in Table XXII. and the curves are drawn in Fig. 162 connecting the 
various quantities. It must be remembered that the tests were 
taken on a rectifier of small capacity, the voltage of which was 
only 200, and the curve in Fig. 162 will indicate that this loss 
would be a very much smaller proportion at higher voltages; yet 
the curves point out very forcibly that there is a definite variation 
of bulb loss with load. 

Further curves are given connecting the effect of the wave 
form on the bulb loss (see Fig. 163). The method by which Dr. 
Tschudy accomplishes a change in wave form and its effect on 
the bulb efficiency is described in U. 8 . Patent 1,189,887 of 
July 4,1916, in which the mathematical analysis of the current 
and voltage waves is given. 



TABLE m 
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Fig, 162.—Mercury vapour bulb loss as a function of the voltage. 



Fig. 163.-Mercury vapour rectifier bulb loss as a function of wave form. 
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OUTPUT WATTS 

CURVES (aX(b) AND (C) REFER TO THE WAVE FORMS IN R6.l£3 


Fig. 164.—Mercury vapour rectifier oharaotenstio curves. 
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Fig. 166.—Mercury vapour rectifier bulb loss as a function of frequency. 
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The relation between anode and rectified watts output art 
given in Fig. 164. 

Thus the wave form also has a very definite effect on the 
bulb output. The effect of frequency of supply voltage has been 
investigated and the relations are indicated in Fig. 165. 

As regards power factor, the results in Table XXII. indicate a 
falling value for cos ^ with load. This is for a small type of 
rectifier, but in the larger sizes the figure is greatly improved, as 
is seen by some tests carried out by Messrs. Brown Boveri and 
the results of which are given in Fig. 166. 

These curves are for three rectifiers in parallel and working 
under test conditions. 
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Fig, 166. —Test curves mercury vapour rectifier. 
Ourve I. Efficiency. 

Onrve II, Power factor. 

Curve III. Voltage. 


The power factor is dependent on the presence of higher 
harmonics in the rectified current wave, and therefore one would 
expect that in the case of three- or six-phase circuits where the 
rectified current begins to assume a less undulatory aspect that 
the power factor would improve. This is borne out by the facts 
as shown by a comparison between Dr. Tschudj^s data on a 
single-phase rectifier and the larger six-phase arrangement of 
Messrs, Brown Boveri. 

Anode Choke—There are certain theoretical considera¬ 
tions in the design of choke coils for rectifier circuits which are 
worthy of attention. The rectified current undulates between a 
maximum current %as; and a minimum current imin; this current 
passes through the windings of the choke and the consequent 
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induction varies from Rmax to Rmim but these alternations are at 
double the supply frequency. Therefore if T is the number of 
turns on the choke and s the sectional area of the iron, the 
following relation for the counter E.M.F obtains 


= 27r(2/)^"'"* .sT volts 


and hence 


constant 

■Bmax — -Bmin 


From this it is apparent that to obtain a perfectly smooth wave, 
i.e. when Bmax = ^min a choke of infinite size would be required, 
and as the whole of the rectified current has to pass through 
its windings only a poor compromise can be effected as to its 
smoothing action. Thus although the choke cannot be too large, 
yet on the other hand it must not be too small especially in 
biphase circuits as a useful current can only be obtained when 
the instantaneous value of the rectified circuit exceeds the 
counter E.M.F. of the load (if such there be). It is a fact, 
however, that a motor load will be quite effective with com¬ 
paratively small chokes, i.e. of a size corresponding to 30 or 40 
per cent, of the motor input. It has been suggested by Jonas 
that a shunt of no reactance across the choke will facilitate 
matters although the motor efficiency is reduced thereby by an 
extent of 3 to 4 per cent, yet the arm^iture heating is also reduced. 
This device allows the constant current component ig to pass 
through the choke, the alternating component taking the line of 
least resistance through the resistance. 

Regulating: Reactance.—The regulating reactance takes the 
form of an auto-transformer with duplicate windings in opposi¬ 
tion so arranged as to have a high impedance with a small 
resistance. The use of this device reduces the voltage drop from 
12 to 6 per cent. 

Elimination of Harmonics.—In many cases of rectifier 
installation disturbances have been troublesome due to induced 
currents in telephone lines, and numerous devices have been 
tried in order to eliminate the objectionable harmonics. 

17 
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One type of filter is shown on page 309, but as the main 
current has to pass through the choke coil the reactance will 
vary with the load. Messrs. Siemens Schuckert (British 
Patent 253914) have produced a type of filter which has none 
of these defects. 

In Fig. 167 a rectifier R is supplying current through two 
chokes Cl and Cj to the direct current mains; and in parallel 
with these mains filter circuits Fj, Fg, etc., are placed, each one 
so designed as to tune out one particular harmonic. 

This arrangement in which the two chokes Ci and Cg are 

magnetically separated, allows 
a Yery much smaller percentage 
of harmonics to pass into the 
direct current supply and the 
apparatus is much cheaper to 
manufacture. 

Battery Charging; Plant.— 

If apparatus is required specially 
for battery charging it is advis¬ 
able that the complete rectifier 
should have an inherently bad 
regulation to ensure a reduction 
of the voltage with increase of 
load. In special cases this may 
be accomplished by the use of a 
choke coil with an airgap in the 
iron circuit which may be adjusted as desired. If buffer cells 
are provided the supply transformer can have a number of 
tappings connected to a rotary switch with numbered contacts 
referring to the number of cells which can be cut out by any one 
tapping. Thus for instance if the switch is set to the number 
of cells to be charged, a current will flow at a voltage equivalent 
to the number of cells multiplied by 2T6, but if the voltage of 
the cells is 2*66 per cell only one-fifth of this current will flow. 
It can further be arranged that this current of one-fifth the 
normal current shall cause the arc to become extinguished, thus 
constituting a semi-automatic charging system. 
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Advantages of Mercury Vapour Rectifiers.—It is not the 



Fig. 168.—Comparative effioienoies and outputs of converters. 


intention to attempt to depreciate the value of other types of 
alternating current converters, but it is interesting to compare 



3-6 ph.TRAMSPORMERS 



+ 1 ol 

Fig. 169.—Three-wire plant. 


the efficiencies of mercury vapour plants with rotating machines 
of the same size and capacity. 
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lu Fig. 168 three ourves are given of the efllcienoy of a 
mercury vapour rectifier including all accessories a rotary 
converter 17 c, and a motor generator %. These curves must be 
accepted with reserve as regards their absolute values, and are 
only an indication as to what may be expected. The compara¬ 
tively high efficiency of the rectifier at 
low loads is a noteworthy feature. 

Three-Wire Plants. — Three-wire 
systems can readily be operated from 
mercury vapour rectifiers ; and one 
arrangement with two rectifiers in series 
is shown in Fig. 169, but this has the 
disadvantage of causing the rectifier to 
work at a lower voltage and therefore a 
lower efficiency. A better method is to 
employ one rectifier and use a balancer 
set, whereby the condition of a higher voltage across the 
rectifier terminals is obtained (see Fig. 170). 



170. — Thrae-'wije 
plant with balancer set. 
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CHAPTEK X. 

MERCURY VAPOUR REOTIFIERS (ccmA). 

Metal Cased Eectifiers. 

General.—The metal cased mercury vapour rectifier has 
been developed on the Continent but so far has not been 
used largely in this country. There are several installations in 
England which appear to give satisfaction once the method of 
control and the special peculiarities of the plant are understood. 

The mercury vapour rectifier depends for its certainty and 
constancy of operation on the state of the vacuum in the con¬ 
tainer In the case of the glass bulb, this is out of the control 
of the user, but with the steel container the maintenance of a 
vacuum, of an order much higher than is usually required com¬ 
mercially, IS essential to good working. Thus special plant, 
more often found in a laboratory, than in substations, is a 
necessary constituent part of the equipment. It is not to be 
inferred that the pumps and gauges are too frail for commercial 
usage or that they cannot be controlled by the switchboard at¬ 
tendant, but nevertheless instruments of precision are required, 
and must be used as such if continuity of service is to be ob¬ 
tained. 

Starting.—When small glass bulb rectifiers are put into 
service, the arc is struck by a tilting mechanism which employs 
a subsidiary cathode, but in metal containers of large size this 
is not a practicable proposition and an auxiliary device is used 
as shown in Fig. 171. This form of starter consists of a 
solenoid a operated by a push button d and supplied from a 
separate source. On contact being made by the push, the 
starting electrode 6 is drawn down and makes contact with the 
surface of the mercury cathode c ; an arc is immediately struck 
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and tliG Holenoid is short-circmted as shown in the diagram and 
the anode withdrawn. Thus if the push button is pressed con¬ 
tinuously, ti make and break will continue in consecutive order, 
tmmediatoly an arc is formed at the starting anode the mam 
arcs will also strike and the push button may be withdrawn. 
To actuate the solenoid about 500 watts are required, the supply 
for which is usually obtained from a small auxiliary D.C. motor 
generator set, but rotary plant can be dispensed with if preferred 
and be substituted by a small rectifier of the gas-filled type 
(Oliaptor XIV.) If the rectifier is required for battery charging 
only, the necessary starting current may be obtained from that 

source and no further supply 
is necessary. 

Back-starting is a phen¬ 
omenon which is very detri¬ 
mental to good performance. 
As may be expected, if for 
any reason the anode becomes 
hot, it will form a “cathode” 
spot and current will pass in 
the reverse direction. Once 
this state of afifairs has com¬ 
menced it will obviously be¬ 
come aggravated and will 
increase. 

The special causes of back- 
starting in a metal cased rectifier (see also page 237) are:— 

(i) If the arc concentrates at one point of the anode it is 
liablcj to cause vaporisation of the anode. 

(ii) Drops of mercury may trickle down the tube on to the 
anode. 

(iii) Ultra-violet rays which are present in large quantities 
may cause ionisation which may be sufficient to start an arc in 
either direction whether the cathode be hot or not, and current 
will pass in either direction from the anode to the cathode or 
conversely. 

These difficulties have been completely eliminated in modern 
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Fifi. 171.—Moroury vapour rootiliei 
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design, and reference to Eig. 172 will show that the main anodes 
are covered by a protecting shield g which prevents mercury 
condensing or dropping on them; and also on this shield are 



Fig. 172.—Section of steel case rectifier. 


dxed louvre shaped metal pieces which so bend the arc as to 
prevent any injurious ultra-violet rays reaching the anode. 

Hxcitsition.—In cases where the loading on a rectifier ia 
intermittent it is possible that the current may fall to zero or to 
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a very low value in which case unless some special arrange¬ 
ments are made, the rectifier will refuse to re-excite. Auto¬ 
matic working is the solution in some cases (page 274), but in 
the main, where large plants are involved, it is usual to provide 
auxiliary anodes which are supplied from a separate transformer. 
A current of about 6 amperes at 30 volts is required for the 
excitation of each small rectifying unit, and thus for a six-phase 
supply a transformer is advisable with a secondary output of 
130 volts at 30 amperes per unit. This arrangement will re¬ 
duce the losses in the exciter but is only available for use after 
the exhaustion of the rectifier chamber has been sufficiently 

advanced. It is usual to supply 
a choke coil and variable rheostat 
with each unit to ensure the 
current in the arc being well 
above the zero value. 

As a general rule it may be 
taken that, if the load is likely to 
fall below one-fifth of the normal 
full load, external excitation is ad¬ 
visable on account of the instability 
of the main arc. 

Voltage. — One advantage of 
mercury vapour rectification is 
that one unit can work between 
such wide ranges of voltage as from 110 to 800 on the smaller 
sizes, and up to 6000 volts on the larger units. The criterion 
of size depends more on the maximum continuous current to be 
carried than on the voltage, and for very large currents parallel 
operation is resorted to. 

For voltages above 600 specially designed units are available 
up to 6000 volts (see page 273), the sole trouble being, with the 
higher voltages, the provision of a suitable insulation to stand 
up to the high vacuum required. 

Electrodes.—Numerous patents exist specifying various 
improvements in the shape and function of the anode and the 
cathode. Generally in the standard types of apparatus the 



Fio. 173.—Mercury seal. 
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anode will consist of a solid iron cylinder 70 to 100 mm. in 
diameter, and it is important that sharp edges should be absent 
otherwise back-starting is liable to occur, but on the other hand 
it is equally important that as large a surface as possible should 
be available; therefore the anode is sometimes made out of 
cylindrical rod with a spherical indentation at the lower end to 
increase the surface area. 

Various devices are used to increase the overall efficiency: 
for instance, one type provides for a construction similar to that 
of a petticoat insulator, with the various sheds insulated from 
each other for high voltage rectification, and so arranged that a 
high state of evacuation can be maintained for considerable 
periods. 

Sealing;.—Sealing presents one of the biggest of the prob¬ 
lems in the design of an all-metal rectifier, but so far has been 
improved to such an extent as to render possible the building of 
large power unite which up to a few years ago were an unknown 
quantity. 

Fig. 173 illustrates a section of a simple form of mercury- 
asbestos seal employed by Messrs. Brown Boveri; h, b are two 
asbestos washers which can be tightly clamped to the frame by 
the nut 5, this also forming the method of support of the anode 
insulator. Mercury is then poured into the inclined hole and 
finds its way into the annular space between the insulator and 
the walls of the container. It is found that the vacuum inside 
the container is high enough to cause the mercury to fill up 
the pores of the asbestos and also to cling very tightly to the 
sides of the container thus forming a tight and efficient seal. 
It is not safe to assume that this seal is so perfect as to permit 
of continuous working without the aid of a pump, but in view 
of the difficulties attending the design of a metal seal, the one 
illustrated is satisfactory with that proviso. 

Cooling Arrangements—The hottest spot in a rectifier is 
the cathode where a temperature of about 3000“ C. is reached; 
the temperature gradient to the outside cover is fortunately 
high as the mean temperature does not usually exceed 60“ C. 
At full load the anodes may be at a dull red heat, about 400“ to 
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600“ C., and as they form the principal item of renewal it is 
essential that they should be kept as cool as possible; there is 
also the necessity for preventing back-starting which accom¬ 
panies an overheated anode. Water cooling is therefore essential 
if early and frequent renewals are to be avoided. 

In the later models of rectifier automatic arrangements are 
included whereby the supply is switched off when the tempera¬ 
ture of the anode plate reaches 63“ C. 



Fig. 174.—Temperature-vapour pressure chart for mercury. 

In high voltage installation where it might be difficult to 
drop the voltage to earth through the cooling water, natural or 
forced draught may be employed. 

It is impossible to describe these arrangements in detail, but 
an interesting article in the “Brown Boveri Eeview” for 
December, 1926, gives a detailed description of the various 
possibilities. 

The usual figures for the quantity of water required for 
efficient cooling are 0'6 to 1*0 litres per minute for every 100 
amperes of rectified current. Under these circumstances in 
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a good design of cooling system, the anode temperature should 
not exceed 50° C. This is in the case of a fresh water supply: 
if such is not available cooling tanks must be provided, together 
with the necessary pumping equipment or thermo-syphon. 

Eig. 174 is a diagram which shows the temperature of 
mercury vapour plotted against the vapour pressure, so that 
with a pressure of 0'06 mm. the wall temperature should be 
73° C. or a normal rise of about 60° C. 

Air Pump.—The attainment of a high vacuum is essential 
to the good working of a rectifier, if only for one reason, viz. 
that of anode temperature; and to ensure that such is main¬ 
tained at a low value a pump is necessary. When a rectifier is 
newly installed or has been opened up for repair there are con¬ 
siderable quantities of gas, consisting of air, carbon monoxide, or 
water vapour, etc., occluded in the metallic casing and in other 
metal parts. These gases will not be released by one simple 
pumping to a‘ high state of vacuum, but will be drawn off from 
the walls continuously for some considerable period at a rate 
depending on the temperature ; and thus even though the con¬ 
tainer IS apparently perfectly gas-tight the vacuum will fall 
until all the occluded gas is drawn off. This process will last 
several weeks or months depending on the size of the load and 
heating of the rectifier, but it is not safe to cease from operating 
the pump until at least three months have elapsed from the date 
of installation, and at least two weeks should elapse before full 
load is put on the plant. Porosity of the container will possibly 
be another cause of loss of vacuum, and this is a much more 
difificult trouble to eradicate. There is a mean position of 
running at which the rectifier will attain its optimum vacuum 
in the quickest time and this can only be determined by a care¬ 
ful scrutiny of the actual temperature with the safe working 
temperature. 

At full load it is never safe to run without the pump in 
operation, but in certain cases it is found possible to take half 
load current continuously without running the pump. As, 
however, the consumption of the pump motor is small it 
is not worth while incurring the risk of a breakdown; and 
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recommendations are usually to the effect of keeping the pump 
in continuous operation. 

Eig 176 indicates a typical air pump consisting of a 
mechanical box pump driven by a -J- H.P. motor aud in series 
with it a mercury diffusion pump. This latter is in effect an 
ejector, but one in which the heavy molecules of vapourised 
mercury are used to bombard the lighter molecules of the gas 
and eject them from the container. This type of pump is 
often known by the name of the Langmuir 
pump and is highly efficient in operation. 
Experiment has shown that this combina¬ 
tion of box pump and diffusion pump is 
capable of withdrawing 1400 c.o. of gas per 
second at a pressure of 0'02 mm. of mer¬ 
cury, and in the event of a stoppage a 
check valve is provided to shut off the 
vacuum pipes from the atmosphere auto¬ 
matically. 

With these diffusion pumps in series 
with a box pump a vacuum of 10“® mm. 
can be obtained in a commercial rectifier. 
In the laboratory it is possible in combina¬ 
tion with a liquid air trap to increase this 
figure to 10“® mm. or less if special pre¬ 
cautions are taken. 

Measurement of Vacuum.—The most 

.viut -Lfu.—j^iuignuu. ui 

McLeod gauge. Sensitive method which is practicable, and 
one which is easily capable of recording a 
pressure of 10“® mm. of mercury is the McLeod Gauge. 

Eig. 176 shows this particular gauge in section. The glass 
tube a is connected to the container in which the pressure is 
to be measured, and provides a through passage to the bulb o 
and the top of the mercury column. Thus in the position indi¬ 
cated the bulb and the tubing are at the same pressure as the 
container. The mercury bulb is connected by a flexible tubing 
to the tube a and on raising the container, mercury passes the 
junction to the bulb and a portion of the gas, still at the same 
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pressure as the container, is trapped, and on further raising the 
the column it is compressed into the bulb o. 

The column is still further raised until the level of the 
mercury in the tube a is the same as that at the top of the 
tube b. By this time the mercury will have risen and filled the 
bulb and will have compressed the gas into a short length of the 
tube 6. The difference in level of the two mercury columns 
(or what is the same thing, if the scale is correctly adjusted— 
the height of the mercury in the tube b) will be a measure of 
the pressure in the rectifier container. The calibration of this 
particular gauge depends on the cubic capacity of the bulb c 
compared with that of the tube b when the heights are correctly 


V 



Pig. 177.—Vacuum gauge for 
rectifier. 



adjusted. A simple application of Boyle’s Law, which states 
that the product of the volume and pressure of a gas is constant 
when undergoing compression, enables the original pressure to 
be ascertained. 

The disadvantages of this gauge are 

(i) its fragility and delicacy of operation, and 

(ii) the fact that it is not a continuously indicating re¬ 
corder, as the mercury container has to be raised and lowered 
each time a reading is required. The first objection is overcome 
by enclosing the delicate glass parts in a metal case with special 
arrangements for raising the bulb, but the second objection is 
an inherent defect in the design of the apparatus itself. 
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Two methods are in use which enable continuous pressure 
readings to be obtained and also admit of an electrical remote 
control. 

Fig. 177 indicates how the pressure may be measured 
directly in the rectifier container itself, the principle depending 
on the fact that there is a definite relation between the vapour 
pressure and the electrical conductivity of mercury vapour. A 
small auxiliary transformer T supplies alternating current to an 
auxiliary anode, and connection is made to a voltmeter which 
can be calibrated to read directly in millimeters of pressure. 



Fia. 179.—Calibration, ourve for pressure gauge illustrated in Fig. 178. 


Unfortunately, however, the indications of this apparatus are 
not altogether independent of the rectifier load and it has, 
therefore, only a limited application. 

Another method is based on the heat conductivity of rarified 
gas which varies with the temperature at high vacua, and also 
on the increase in resistance of a metal film exposed to high 
ternperatures. In Fig. 178 the glass vessel L is connected by 
piping to the rectifier container, and the platinum foil in the 
vessel forms the fourth arm of a Wheatstone Bridge with a 
microammeter as shown. This instrument can be calibrated 
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to read pressures as low as 0*01 mm. of mercury, and the 
readings have the advantage of being independent of the load 
variations. 

Fig. 179 shows the calibration curve for a gauge of this 
type. 

Transformers.—^It has been shown in Chapter VIIL 
(page 228) that the rating of the secondary must be so calculated 
that the. copper conductors allow a greater current carrying 
capacity than those of the equivalent primary. The general 
conditions of input and output for various circuits have already 
been dealt with; but there is one specialised method of internal 
connection which is of value in reducing the number of coils in 
a polyphase transformer. 



In Fig. 180 six coils are shown spaced equally and joining 
the apices of a hexagon, and six other coils are also supplied to 
the neutral point. This will form a six-phase supply in which 
the currents are equally balanced. If now about a similar 
hexagon (Fig. 181) a circle is described so that the intersection 
of the hexagon and the circle takes place at points a, b, g, etc., 
then ]1 db == he = od = etc., and tappings are taken from the 
coils at a, b, c, etc., a twelve-phase supply will be obtained with a 
similar current balance. If required this method can be con¬ 
tinued to provide an eighteen-phase system, and in either case 
will result in an economy of copper in the transformer -windings. 
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Description of Plant.—Individually the apparatus has been 
described in the foregoing paragraphs in detail, but some points 
are worthy of attention which have not been so far considered. 
It is not possible in the case of a mercury vapour rectifier 
to earth the metal container as is usually done with other 
forms of electrical plant, as if the interior of the case were at 
earth potential the arc might stray to its sides, and it is 
necessary, therefore, to construct the entire apparatus on an 
insulated base. The method by which this is achieved in the 
Brown Boveri Eectifier is shown in Fig. 182, where a 900 
ampere unit is illustrated. 

In the case of the rectifier in Fig. 183, the rectifier is 
situated abroad, and the regulations do not prescribe a con¬ 
taining and earthed metal shield, as is the case with the equip¬ 
ment illustrated in Fig. 182. (The radiating fins on the outside 
of the anode container are visible, which are themselves cooled 
by the water from the main cooling system.) The box pump, 
McLeod gauge and insulated stop valve controls are also shown. 
So far Messrs. Brown Boveri have standardised the following 
sizes of rectifier.— 

300 ampere up to 600 volts. 

600 „ „ „ 600 „ 

1000 „ „ „ 600 „ 

260 „ „ „ 3000 to 6000 volts. 

600 „ „ „ 3000 „ 6000 „ 

760 „ „ „ 3000 „ 6000 „ 

An increase m the capacity of mercury vapour rectifiers has 
recently been introduced by the Brown Boveri Co. The newer 
type is equipped with twelve anodes used in conjunction with 
transformers in double six-phase connection. 

Fig. 184 illustrates the capacity of the plant, which has the 
following rating:— 

Contmuous rating 1600 K.W. at 1600 volts. 

Overload rating 3000 K.W. for 6 minutes. 

Overload rating 4600 K.W. for 1 minute. 




!Pia. 182.—Mercnry vapour rectifier unit, 900 amperes. 














Fig. 1S3.—vapour rectifier, nnsliielded unit. 
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Larg^e Plants. Mercury vapour rectificaiion has not been 
adopted so readily in this country as on the Continent; but in 
certain supply areas installations have found favour; at St. 
Albans and Hertford small rectifiers have been used to supply 
the "whole D.C. load, thus showing considerable confidence in 
their reliability on the part of the Supply Authority. At Bir¬ 
mingham a small substation has been equipped with 250 
K.W. of rectifier plant with such satisfactory results that the 
system is being extended. Again, in several of the Metropoli¬ 
tan Boroughs and Supply Authorities’ Power Stations and 



Fidi. 184— OapOiOity ol Brown Boveri roctificrs. 


Substations this type of plant has been tried. But it is to 
the Continent and to America that on© must look for any 
extensive use of mercury vapour rectifiers. 

The plant at the City of Berne Electricity Works has a 
capacity of 760 K.W. distributed over three units, the arrange¬ 
ment of which is shown in Fig. 186. The supply voltage is 
3100 volts at 40 periods and is converted down by the transformer 
plant to 520 volts, the trsmsformers being wound for a six-phase 
secondary with delta primary. Each cylinder has a normal 
current carrying capacity of 450 amperes and contains twelve 
anodes. In this particular station which supplies a tramway 
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network, the load curve indicates that the transient load never 
falls below one-fifth the full load, and it is therefore possible 
to work with the auxiliary excitation cut out of circuit. The 
starting of the plant is simple, consisting only of throwing in the 
main switch and pressing the starting push button on the 

switchboard. 

About the same floor area is required as for rotary plant of 
the same capacity. A plan and cross section lay-out of the Pau 
Station of the Midi Railway, showing the transformers, cylinders 
and thermo-syphon coolers are illustrated in Fig. 186. 

Automatic Operation.—Mercury vapour rectifiers above all 
other forms of converter appear to lend themselves to complete 
automatic operation. To describe the method by which such 
control is accomplished in general would be difficult; and a 
concrete case of a substation in this country has therefore been 
taken and is described below. 

The first complete equipment was installed in the Harbome 
Substation of the City of Birmingham Electricity Supply. The 
method of control is by pilot cables from the power station, 
five in number, and no attendance is required at the substation 
for operational work. Indicatmg lamps at the power station 
inform the switchboard attendant when the rectifier is function¬ 
ing correctly and whether the pumps are working satisfactorily. 
The only rotary plant which is needed is the D.C. motor 
generator and the pump, and as it has been found possible to 
supply the starting current from an alternating current source, 
the former has been dispensed with, leaving only the pump 
which will require periodic maintenance. 

The operation of the various relays is shown in Fig. 187, and 
the sequence of events describing the control is as follows :— 

By means of selector switches the rectifier can be left running 
continuously on the system, and under these conditions, will 
automatically be disconnected from the bus bars in the event of 
a fault or a failure of the E.H.T. supply, and started up again 
as soon as conditions are again normal. It can also be arranged 
for remote control from another substation, in which case the 
rectifier can be started up and shut down at will, and while 



METAL CASED EECTIFIEES 


275 


running will be automatically disconnected and reconnected as 
in the first condition. 

The operation of the control gear is as follows, the action 
of the relays being described in their proper sequence of 
operation:— 

(1) A switch operated by the secondary of a potential 
transformer, which when energised closes the circuit operating 
relay (2), and when de-energised due to the failure of the A.O. 
supply pressure, clears the set from the A.C. and D.C. bus 
bars. 

(2) A time limit relay, which when energised closes contacts 
operating the oil switch closing solenoid (3), and when de¬ 
energised closes contacts which operate the oil switch operating 
solenoid (4). An interlock on this relay prevents the D.C. 
breaker from being closed or remaining closed when this relay is 
de-energised. 

Immediately the oil switch closes, the pump and the ignition 
converter start up. 

(6) The ignition relay which when energised through inter¬ 
locks on relays (5a) and (6) closes the igmtion arc circuit. The 
action of this relay is delayed 10 seconds to allow the ignition 
motor generator to excite fully. 

(5a) If the ignition arc fails to strike, this relay comes into 
operation and de-energises (5), when the operation is repeated 
with an “in” and “out” movement until ignition is obtained. 

(6) The coil of this relay is in series with the excitation cir¬ 
cuit and operates immediately the ignition arc has been struck, 
by relay (6). When de-energised the relay shuts down the 
ignition motor generator and de-energises relay (6). 

The D.O. circuit breaker, of the self-closing type, wiU now 
close, provided that the voltage across the rectifier terminals is 
correct and the D.O. bus bar voltage is not too high. 

'I’he closing coil is connected through an interlock on (2) and 
is also controlled by the adjustable voltage coils (7), (8) and (9); 

(10) a series coil which opens the D.O. circuit breaker on 
overload. The operation of this coil is limited to three times, 
until reset by hand; 
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(11) a contactor which closes the loading resistance when 
the D.C. breaker opens; 



(12) a three-phase inverse time limit overload relay, the 
operation of which shuts down the set; 
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(13) a relay which is operated by the action of relay (12) and 
prevents the oil switch being closed until reset by hand. 

For remote control the supply to relay (2) is provided for 
by means of one core of a pilot cable through a control switch, 
while the coil circuit of ignition relay (5) is looped through pilot 
wires to a switch at the control substation. 

The lamps shown at the control substation clearly show 

(i) when the oil switch closes or opens, 
and (ii) when the ignition arc is struck. 

The opening or closing of the D.G. circuit breaker is indicated 
by the low voltage lamp connected to two cores of a telephone 
cabla 

The diagram of connections for a non-automatic substation 
is given in Fig. 188, and the method of operation in this case is 
as follows:— 

The main three-phase oil switch is closed, thereby energising 
the transformer, and the anodes on the rectifier circuit are thus 
made alive. The motor generator set is then started up and 
on pushing the button the solenoid of the ignition anode is 
energised, and the rectifier commences to function, although still 
on open-circuit on the load side. On account of the high open- 
circuit voltage it is necessary to switch in a small load to 
stabilise this voltage, but this resistance is switched out of 
circuit as soon as the main load comes on. The following 
protection is afforded:— 

If the rectified voltage is not approximately equal to that on 
the D.C. bus bars (if such exists), the D.O. breaker will not close. 

A failure of the E.H.T. supply causes a disconnection of the 
rectifier and all its auxiliaries. 

When the B.H.T. supply is restored the relays operate in 
their proper sequence and reconnect the rectifier. 

A short-circuit on the transformer will open the main oil 
switch. 

A short-circuit in the rectifier due to loss of vacuum will also 
perform this function. 

A heavy load or short-circuit on the D.O. load will open the 
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D.O. breaker, and the loading resistance wiU be switched in to 
maintain the correct voltage on the rectifier. 

Operation and Attendance.—One of the advantages of the 
mercury vapour rectifier is the elimination of all synchronising 
devices, thereby greatly increasing the speed of operation. Under 
normal working conditions it is only necessary to close the main 
circuit breaker and press the push button. In the case of new 
plants the pump must also be operated at all loads, and for 
heavy loads also the pump should not be allowed to be dis¬ 
connected from the container. In the case of new plants tho 
sets can be started up in the space of five to ten minutes, whereas 
when a set has been running for a few months, a second or so 
only suffices to parallel the rectifier with the bus bars. 

Occasional attendance is required at the station to lubricate 
the rotary plant, pump, etc., otherwise the rectifier itself will only 
require attention every year or so when the anodes have to be 
renewed. 
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OHAPTEE XL 

MERGUEY VAPOUR RBaTIPIBRS {cont.). 

Glass Bulb Bbctipibrs. 

General.—The glass bulb lype was the pioneer of the 
mercury vapour rectifier, and was manufactured for many years 
in such sizes as would be capable of rectifying small powers only. 
Later developments enabled the difficulties attending the manu¬ 
facture of a suitable container to be overcome, and so permitted 
larger units to be erected. With the advent of the metal case 
rectifier, however, which it was considered would have no rival 
in the glass bulb variety, improvements in design proceeded at 
such a rate that nowadays single units 
capable of rectifying 100 K.W. in a single 
glass bulb are available and are reliable 
in service. 

Seal.—One obvious difficulty in the 
manufacture of such a unit is in the glass 
seal for the leading-in wires, which must 
be of a suitable diameter to carry the 
large currents required without cracking 
the seal on expansion. Many schemes 
have been put forward for improving the technique, and it would 
now appear that seals capable of passing currents of the order of 
200 amperes are within the sphere of practical politics. One 
such seal is illustrated in Fig. 189 where 0 represents the copper 
rod, or leading-in wire, and P is a platinum tube slipped over the 
rod and sealed to the rod at A. The glass vessel G is then 
moulded on to the platinum sleeve with another joint at P. 
Glass and platinum having approximately the same coefficient 



PxG. 189.—Type of seal 
for large oun'ents. 
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q£ ©xp 8 iiisioii, tli 6 joint P IS Tinftfifoctod. by tho bosit from tbo bulb 
or that conducted from the leadmg-in rods. 

For some other types of seal, employed on thermionic recti¬ 
fiers, but which are equally applicable to the mercury vapour 
rectifier, reference should be made to page 316. It certainly 
gipp 0 g,fg that modern methods set no lim.it to the current which 
can be led into an evacuated glass bulb. 

Occluded Gas.—The same trouble is experienced with the 
glass bulb rectifier as with that in the metal case, so far as the 
obtaining of the vacuum is concerned, with the difference that 
the greater difficulty is met with in the former case during the 
processes of manufacture, as any subsequent loss of vacuum is 
out of the control of the user, any trouble 



Fig. 190.—Diagram of 
simple startmg de¬ 
vice for glass bulb 
reotofler. 


at this stage resulting in a total failure of 
the bulb and necessitating its replacement. 
The gases which are occluded in the glass 
and in the metal anode and support wires 
must be eliminated if the bulb is to func¬ 
tion satisfactorily, and careful evacuation 
to pressures of the order of 10 "® mm. is 
important. The best of bulbs cannot last 
for ever, and it is certain that final failure, 
excluding the possibility of mechanical 
breakdown, is due to a partial loss of 


vacuum. The cause of such a leakage is difficult to analyse, 


and may be due to one of three reasons, viz. (i) gradual evolu¬ 
tion of gas occluded in the glass or metal parts, (ii) porosity 
of the glass, allowing air to percolate from the atmosphere into 
the bulb, and (iii) leakage past a faulty joint, the flaw being, 
possibly, of molecular dimensions, yet sufficient to allow air to 
leak slowly into the bulh. These defects are hard to trace, but 
will lead to certain failure m the end. Thus care in manu¬ 


facture is essential to a long life. 

Starting Devices.—The method of striking the arc in a glass 
bulb rectifier is to bring the anode and cathode together, and 
after the arc has struck, separating them to the requisite 
distance. 
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Fig. 190 represents diagrammatically the practical adaptation 
of such a method, whereby the bottom of the glass bulb is 
provided with two reservoirs, each containing mercury. A 
cathode lead A and a starting anode lead B are brought out 
from the bulb, one from each of the two pools of mercury; the 
main anode G is led into the top of the tube. If the bulb is 
tilted until the mercury from B just makes contact with that 
in A, and is then adjusted into the vertical position, a break 
occurs in the liquid, a subsidiary arc is formed between A and B, 
and free electrons will be emitted from the cathode A. The 
electric field due to the difference of voltage between 0 and A 
will cause the electrons to be deflected to C and the vapour 
stream will be diverted to the main anode. The arc will 
maintain itself under these circumstances for one half cycle, or 
so long as potential of C is positive to that of A. When G 
falls to zero potential, the arc will be extinguished unless some 
external precautions are taken to maintain it. The first condition 
then of continuous operation is, that the main mercury electrode 
must be a cathode; and for starting that this same electrode 
must be a cathode to the starting electrode B. 

For small power outputs the most usual form of rectifier 
is the biphase variety which will operate from a smgle-phase 
circuit, but all forms of glass bulb rectifiers embody a tilting 
mechanism for starting purposes. 

Automatic devices take the form of self-tilting mechanism, 
which is actuated as soon as the main arc ceases or when the 
main switch is thrown in on first starting up. The gear is 
simple in construction, and consists of a solenoid switch which 
operates the tilting of the bulb, and which is supplied from a 
small auxiliary transformer. On closing the main switch this 
solenoid is energised through a relay provided with a retaining 
contact and a differential coil, so that when a current flows in 
the bulb the solenoid retains the bulb in its normal position. 
As soon as the arc is extinguished the relay is again energised, 
provided that the supply is still connected; and the bulb is 
tilted once more. This cycle of operations usually persists 
until an arc is struck. Protective gear can be supplied with 
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this apparatus, and is so arranged that when the solenoid 
plunger is drawn down with too great a velocity (due to a heavy 
or short-circuit current) it trips the main circuit breakers and 
cuts out the rectifier completely. A further device is occasion¬ 
ally provided whereby, if the tilting mechanism is repeating the 
above cycle of operations indefinitely, owing to the arc not 
stnking, the main supply is cut off. 

Voltage.—In Chapter VIII. a simplified formula is given of 
the voltage relationships in a rectifier, viz.:— 

Single-Phase — 

S' =* Ba + cS s. 


Multiphase — 

^ Em + + oSx 

sin ^ 

IT m 

where S' is the voltage between each anode and the neutral 
point of the transformer, Em is the rectified voltage, is the arc 
drop, is the drop across the inductance, m is the number 
of phases, and the constants h = 0‘97 and o = 1-2 and are 
manufacturing constants. 

Then for biphase circuits 

S,' = 2Si 

and for three-phase circuits 

= I’lSSi, etc. 

With these corrections and assuming that the drop across 
the inductance is small and that the arc drop is 15 volts, these 
formulte agree to a close approximation with those given by the 
manufacturers of the glass bulb rectifiers, viz.:— 

Single-Phase — 

S^ = {Em + 16) X 2'36. 

Three-Phase — 

St^ = {Em + 16) X 1-60, 

where S-l is the effective transformer voltage between each 
anode. 








Fia. 191.—Three-phase 150 ampere bulb made by the Howittic Eloctrio Oo. 

[To face page 283. 
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Type of Bulb.—Fig. 191 indicates the general shape of a 
bulb such as is supplied with the standard equipment for large 
power outputs. These bulbs are now manufactured in sizes 
which are capable of passing currents ranging from 60 to 200 
amperes, and a hexaphase arrangement can thus rectify about 
100 KW. per unit. The bulbs can be designed to operate on 
a biphase, three- or six-phase system in one glass container, 
although it is preferable to limit the number of phases to three 
and employ two separate units of three phases each if a six- 
phase circuit is required on account of the smoother wave form 
obtained. 

As regards the life of these bulbs, there appears to be little 
data available as to any definite length of life. They appear, in 
isolated cases to last a consider¬ 
able time—often many thou- 
sajids of hours, and it is possible 
that if statistics were available 
it might be found that the aver¬ 
age life 18 limited rather by 
mechanical failure due to the 
constant jarring of the starting 
gear than by electrical or physi¬ 
cal breakdown. 

Although the seal is satisfac¬ 
tory for the rated current of the 
rectifier it is damgerous to pass 
any overload for long periods. 

Thus the glass bulb rectifier is 
at a disadvantage in this respect 
as compared with its rival. Overloading should therefore be 
avoided, as if the maximum rating is exceeded the anodes may 
become excessively hot and either heat conduction may crack 
the seal, or alternatively the rectifier may conduct in both 
directions and heavy currents will pass. 

Intermittent Loading^.—When the load is intermittent 
the arc tends to become extinguished if the current falls to 
too low a value, in which case any increase in the load will 
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Fi<}. 192.—Diagram of exciting anodes. 
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bnng the tilting mechanism into operation and re-start the arc. 
This will result in a constant jarring of the bulb and also in 
sluggish picking up of the load. One device which provides 
for the separate excitation of the rectifier is illustrated in Fig. 
192, where E is an auxiliary anode used in conjunction with the 
tilting device, and E a resistance inserted to limit the value 
of the starting current. For traction loads or on similar duty 
where intermittent loading is likely, the exciting anodes aa are 
provided (AA being the main anodes), and are fed from an 
auxiliary transformer T which can be disconnected when 
required, and which will only absorb about 100 watts. 

Voltage Regulation.—The normal regulation of a glass 
bulb rectifier between no-load and full load is approximately 
plus or minus 10 per cent., but this does not represent the best 
that can be obtained, although inherently the bulb cannot be 
expected to give a much better performance. Over-all regula¬ 
tion can be reduced to plus or minus 1 or 2 per cent, by means 
of automatic gear (or manually operated if preferred) which by 
means of electrically operated remote control will vary the 
applied voltage by steps on the auto-transformer. 

Parallel Operation.—Bulbs can be operated in parallel if so 
desired and if supplied from the same source. They will take a 
reasonably equal share of the load, and the only operation in 
synchronising is to throw m the mam starting switch; but if 
parallel operation is required it should be definitely specified, as 
it is advisable that the bulbs should be paired to ensure that 
their charactenstics are similar. 

Equipment.—The Hewittic Electric Co. have developed the 
use of glass bulb rectifiers to such an extent that the arguments 
against the use of a fragile piece of apparatus in power engineer¬ 
ing no longer apply: indeed, advantages accrue from this particu¬ 
lar construction. The bulbs with all their automatic gear can 
be included in one cubicle and the appearance of a substation 
employing these rectifiers is that of switchgear alone. 

Fig. 193 illustrates two of these cubicles in course of erection. 
Each one consists of a unit for an output of 160 amperes at 650 
volts, three-phase, the two units together forming a hexaphase 
arrangement. The photograph is taken from the back of the 




Fig. 19S,—Beotifier cubicle, 160 amperes, 660 volts. 

ITo face 2^age 284. 
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Beobifier oubiole, 100 amperes, 280 volts. 

{To face page 286 
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cubicle which has its side and end plates removed, and shows 
the bulb in position. 



A—Main anode eleotrode. 

AE—^Exciter anode electrode. 
AM —A meter. 

AS —A meter shunt. 

B—Beotifier bulb. 

0—^Main oathode eleotrode. 
OE—Exciter anode choke coil. 
OM—^Main anode choke coil. 
OT—Tilting coil. 

B—Auxiliary eleotrode. 

EA—Mam anode fuse. 

BO—Mean cathode fuse. 


PE—Exciter anode fuse.- 
BP—Ban motor fuse. 

10—Oathode induction. 
mb—B an motor. 

RD 1 and 2—Starting relays. 
RQ—^Voltage regulator. 
SMAO—Main switch AO. 
SMDO—^Mam switch DC. 
TM—Main transformer. 
TR—Regulating transformer. 
V—^Voltmeter. 


Fig. 194 IB a similar photograph taken from the front, and is 
for a unit supplying 100 amperes at 230 volts. 
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This illustration shows that the switchgear on the panel is 
simple, consisting only of a main switch and a voltage regulator. 

When provided with an automatic voltage regulator there 
is not much more complication. Fig. 196 is a photograph of 
a similar panel to that of Fig. 194 but provided with a motor- 
operated switch for the transformer tappings. 

Diagram of Connections.—For the benefit of those who 
are interested in the actual operation of the automatic gear, a 
diagram of connections of the complete apparatus is given in 
Fig. 196, and the sequence of events is as follows:— 

On closing the main switch SM . AC the transformer TR is 
energised and supplies current via its subsidiary secondaries as 
follows: TRF, via the fuses FF, starts up the fan motor for 
the cooling of the bulb. TRG supplies current via the tilting 
solenoid CT through the contacts of RDl and RD2 back to 
TRG, the contacts of the relay RD being made in the upper 
position when no current flows in the solenoid coiL The tilting 
mechanism operates. The exciter terminal E is thus connected 
to the transformer TRG and the subsidiary arc is struck. Im¬ 
mediately this occurs the arc is diverted to the main anodes 
which are alive at the instant of closing the main switch. 

When current flows through the exciter terminals relay RD 
is energised and RDl breaks the tilting coil solenoid; at the 
same time RD2 disconnects RDl, which returns to its original 
position so as to be available for a through passage for the 
starting current in case of a failure to start. 

The exciter anodes AE with their choke coils are provided 
in case of a reduction of the load or a stoppage of the current. 

The above does not include a description of the automatic 
voltage regulator but, as will be seen from Figs. 196 and 196, this 
operates on tappings and does not present any unusual features. 





B'in. 195.—Beotifier oubiole wiiih automabio voltage regulator. 

\To facopaga 286. 
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CHAPTEE XII 


(VACUUM TUBES) THERMIONIC RECTIFIERS. 

General.—The thermionic rectifier first used by Fleming for 
the rectification of small currents in a wireless receiving aerial, 
in addition to its evolution into the three electrode valve, has 
been developed into an effective device for rectifying alternating 
currents at voltages up to 120,000 volts for currents of a few 
miUiamperes, and 20,000 volts for power outputs of several 


T 

I 

I 

I 

I 

-L 


Pig. 198.—Test apparatus for 
thermionio reotiflers. 

hundred kilowatts; it is with these aspects of the thermionic 
rectifier that this chapter is concerned. 

The thermionic rectifier in its simplest form consists of a 
filament of tungsten wire that can be heated to incandescence 
by the passage of a current. The filament is surrounded by a 
metal anode, and enclosed in a glass bulb that has been evacuated 
to the highest attainable degree. Leads from the ends of the 
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filament and the anode are brought through a glasH pinch; 
Eig. 197 illustrates a simple thermionic roctificr of this typo 
wl5ch may be considered as a modern edition of th(*. original 
Eleming valve. 

In order to obtain experimental data an arrangoiiKuit sucli as 
is shown in Eig. 198 can be employed; and curves can then bo 
plotted for varying filament currents and anode to liliiinent 
voltages. 

A set of such curves for a particular rectifier is given in b’ig. 
199 where the lowest curve is for a filament current of 0'()2 
ampere, the next for 0'64: ampere, while the upper curve is for 



Fig. 199.—Ohaiaoteristio ourres of a thermionlo roollflor. 

0-67 ampere; and illustrates the general properties of the 
thermionic rectifier treated below. 

Properties—The first general property of the thermionic 
rectifier is that the anode current only flows when the anode 
is at a positive potential with regard to the filament, the reason 
being, as is explained more fully below, that the anode current 
16 carried entirely by electrons, which are emitted from the fila¬ 
ment. The anode being cold does not emit electrons, while 
owing to the high degree of vacuum attained there is no appreci¬ 
able quantity of positive ions due to ionisation. The higli 
vMuum rectifier thus differs from the gas discharge tube or 
the electrolytic rectifier in giving practically perfect rectification 
(page 6). 
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Secondly it is seen that if the filament current is maintained 
constant, and the anode voltage increased poaitivel}'' from zero, 
that the anode current increases for a time and finally aasninos 
a steady value after which an increase of anode voltage has no 
effect. 

This final anode current, the value of which, is usually 
termed the “ saturated emission,” or simply the “ emission,” is 
determined by, and is a measure of, the number of electrons 
emitted from the filament in unit time. The characteristic 
curves further show that this saturated emission increases when 
the filament current is increased. Thus for the rectifier con¬ 
sidered, Table XXIII. can be prepared. 


TABLE xxm. 


Filonieut Ourrout Aiupureu. 

EmisHiou MilliainijeruH. 

0-62 

2-0 

0-64 

6-0 

0-07 

10-0 


It will be seen that with a filament current of 0*07 ampere, 
the saturated emission is 10 milliamperes; yet it is necessary to 
apply a considerable positive voltage, in this case about 30 volts, 
to obtain approximately the full emission. The explanation of 
this is found in the mutual repulsion of the electrons—those 
that have left the surface of the filament tending to force back 
those that were on the point of leaving. 

Thermionic Emission.—It is now well known and firmly 
established on a sound experimental and theoretical basis that 
heated metals emit electrons, and that the number of electrons 
emitted per unit time, at a definite temperature, is a definite 
physical property of the metal. A full account of the pheno¬ 
menon will be found in Richardson’s work on the subject. 

From theoretical considerations it can be shown that the 
emission current per unit surface of a metal is given by the 
equation 

_b 

i =. ? 


(0 
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•where a and i are constante of the metal, and T is the absolute 
temperature (degrees Kelvin). 

Approximate values of a and & for tungsten, which is tlie 
only metal that will be considered, are 

a = 2-6 X 107 
h = 6-25 X 10^ 

For tungsten the emission in amperes per square centiniotro 
for a range of temperatures is given in Table XXIV., in wlii(di 
also the watts radiated as thermal energy are given. 


TABLE XXIV. 


Degrees Eelvm 

Fllameut 

Emission 

Watts per Sq. Om. 

Milllainperes por Sq. Oiii, 

{!)• 

(2). 

(8). 

1000 

0-9 

1-2 X 10-“ 

1500 

6-9 

0 X 10-* 

1800 

16-4 

3 X 10-1 

2000 

26*9 

4-2 

2100 

34-0 

16*1 

2200 

48-0 

48-8 

2800 

58-0 

187'7 

2400 

66-0 

.S64'8 

2500 

77-6 

8910 

2600 

90-0 

20440 


As would be expected from the experimental form of the 
equation, the emission current increases rapidly with tempera¬ 
ture, and it might be expected that since the emission increases 
at a far greater rate than the energy emission, the highest pos¬ 
sible temperatures (such for instance as 2800 degrees C.) would 
be employed in practice. The rate of evaporation of tungsten, 
however, also increases rapidly with temperature; and a cathode 
at 2800 degrees readily volatilises. It is therefore necessary to 
effect a compromise in the following way: the temperature of 
a tungsten cathode is such as to produce a reasonable emission, 
but yet not sufficiently high as to result in too short a life duo to 
volatilisation of the filament. Thus for any particular purpose 
there is an optimum temperature, but its actual value depends 
on many circumstances; for cathodes consisting of tungsten 
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filaments of about one millimetre in diameter, an approximnio 
figure for the emission is about 0‘5 ampere per square centi¬ 
metre, and about 5 amperes emission per kilowatt. 

It will be noted that only tungsten has been considered, this 
is because, although several other cathode materials are em¬ 
ployed, as for instance, coatings of the oxides of barium and 
strontium, and also thoriated tungsten, their use appears to be 
restricted at present to comparatively low voltages, and they do 
not appear to have been satisfactorily developed for use on high 
voltage circuits of the order of thousands of volts. 

The nearly perfect unilateral conductivity of the valve in 
mmo 18 explained, but if there is any appreciable quantity of 
gas present, there may be gas discharges which will mar the 
unidirectional nature of the current, and may be so violent as 
to destroy the electrode. The removal of the gas from a valve 
is thus the most important process m the manufacture. 

The Space Charge.—It has been seen on page 293, that a 
considerable potential difference between the' anode and the 
cathode may be necessary to produce the full emission current 
to the anode, due to the fact that the electrons m transit, being 
negatively charged bodies, produce negative volume electrifica¬ 
tion tending to force back electrons emitted from the filament. 
The theory^ which is of practical importance, has been fully 
worked out by Langmuir. 

Consider the case that admits of the simplest treatment, 
which was originally considered by Child and Sir J. J. Thomson, 
namely, that of a plane cathode in front of which is situated a 
parallel plane anode. Assume an axis of co-ordinates perpen¬ 
dicular to the plane, and the origin at the cathode ; and let V 
be the voltage at any point. Further suppose that the electrons 
have neghgible initial velocities; then their velocity v will be 
given by the equation 

= Ve 

where m is the mass, and e is the charge of the electron. 

Assume that n electrons are passing from unit area of the 
cathode per unit time, so that ne is the anode current per unit 
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area, then the electron density at any point will be at the rate of 

njv 

and the volume of electrification at any point will be 

m _ i 
V v' 

The value of V at any point must obey Poisson’s Law, viz., 


So;® 


47rp 


where p is the volume electrification, which has already been 
shown to be 


Thus 


% 

V 

^ 4^iTi 
V 



This equation can be readily integrated. The boundary 
condition at the surface of the cathode is seen to be 


dx 


0 


for the ca.se under consideration when the current is determined 

solely by the space charge, for it is apparent that if ^ were 

positive at the surface of the cathode, then more electrons 
would leave the surface, and thus the current i would increase, 
dV # 

and similarly if ^ were negative i would decrease. Applying 
this boundary condition 




(VAC’.UIJM TITHKS) 'rilMUN^ffor^K- 


which i.s of the form 


{t 

i a //> , 

where K is ii universal eonstaiit. KiiijiIuvrTlJ^V'*'^ Hiirperes, 

volts and ceiitinu'tres, this equation heroines 

|’3 

7. ■-ti'li.'i X 10 ” amperes per H(iuare eentinietri' «)r oathoth'urea. 


Ft has heen assumed in tlu» fori'fjoin^^ I hat the initial velo¬ 
cities of tlie elee.trons are ne{,dif'ihh'; this is not sLnetly triu‘, 
aIthonf,di tliey may he ne^flected ha* voltaj^es of 50 or imu'ti, yet 
they liecome important at the low(*r volta{.(eH. 

A fiill(‘r theory of the space eluirj^js in which aecoiint has 
l)een taken of tlie initial velocities has heen ^ivim hy C. I'Vy. 

A more important ea.se than that ahoviq is that of the 
cylindrical rectifier, w'hich h.is also been tnaited analytically hy 
Ijanf'iimir. If the cathode diameter is do and it surrounded hy 
a concentric cylindrical anode of diametm’ <i, then the anode 
current per emitimelre of len^'th can ht‘ shown hi he oiven hy 
the ecjuation 


i - liillix 10 


Vi 


the units again hoing in amperes, volts and ci'iitiimdres. /J" is 
a complicated function of d/dc, which has heen tubulated hy 
Ijaagmuir and Jllodgett, and whose values are plotted in 
h'ig. ‘200. 

Ft will he seen that for most cases of filament rectifiers djdo 
is large and /t/** apiiro.ximates to unity, hn* all practical ealeuhi- 
tions, hut for a case eon.sidered later (page 0*22) wliere d/d^ is 
itself nearly unity, then ^ is very small, and plays lui important 
part. 

It is thus seen that in both the plane ami cylindrical type <»!’ 
reotifier, for any voltage applied t«j tlie anodi', tlu'i'ct is a eerlain 
limiting value of the anochi current which c.aiinot he exceeded, 
however groat the electron emission from the lilanmnt. M’his 
limitation is termed the Hpatie t’harge Femitation, and the 
current limit is the Kpaee (Iliarge LimiUsi Anotle (hirrenl at 
that particular voltage. 
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The 3/2a law explains the form of the lower portion of the 
characteristic shown in Pig. 199, where the anode current is 
less than the emission; as soon as the anode voltage has reached 
a value where the space charge limited current is equal to the 
emission, then by further increasing the anode voltage the 
anode volts cannot increase the anode current, and the curve 
becomes flattened. 



o ‘10 20 30 40 JO 60 70 so 90 lOO 120 


ANODE RADIUS 
FILAMENT RADIUS 

Fig. 200.—Values of )3*. 

Theoretical Analysis,—The theoretical analysis of a ther¬ 
mionic valve circuit is not as simple a matter as that of the 
mercury vapour rectifier, but it is possible to investigate the 
various current and voltage relationships if certain assumptions 
are made. 

Take the case of a rectifier supplying a single-phase circuit 
as shown in Fig. 201. 

If fig is the voltage across the load and is the drop in the 
rectifier and the supply voltage is E sin 6, then 

JEl sin ^ - fij = 6j, . . . . (3) 

Also fii is given by 

i “ Keii ..... (4) 
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where -ZT = 14'65 x 10“°. 

r 

Further, the load condition is 

=> iB .(5) 

and hence 

= IP (E sm d - Bif. 

Thus the main rectified current will consist of a sinusoidal wave 
of the single-phase type and the voltage will be of closely 
similar shape and in phase with it. 


E SIN 6 

pnmnm s (TJ'btiti iTj'j'irjnni o o o c o'! 



I-vvwvwvw 
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Fra. 201.—Simple valve rectifier circuit. 


To calculate the actual losses in the bulb it is necessary to 
refer to the three equations (3), (4), and (6). By substitution 
a cubic equation connecting e-^ and d is deduced of the form 

g ^ ^ A 

^ B:^IP ^ B^K^ B^K^ ^ ^ 


from which the drop can be calculated for various angles 6. 

Efficiency of Rectifier.—To take a practical example con¬ 
sider a high voltage rectifier which has a loop filament which 
must be reduced to its equivalent straight filament to conform 
to the calculations. To accomplish this, assume the filament 
length is halved, the watts consumption and superficial area 
of the filament remaining constant, which also determines that 
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the temperature of the filament remains the same. These con¬ 
ditions provide for the following alterations m dimensions 


Corrected area 
„ diameter 
„ current 
„ voltage 


= original area multiplied by 4 
=■ ,, diameter „ „ 2 

= ,, current ,, ,, 2^^^ 

= „ voltage divided by 2^ 


and with the constants for the tube given the figures in TabU', 


XXV. are arrived at:— 

TABLE XXV. 



Actual dimeuslouH 

Corrected ilimeuslniiH 


with loop fllamout. 

for atrulglit fllaiiieut. 

Anode radius .... 

27 mm. 

27 mm. 

Anode lengtih .... 

70 mm. 

70 mm. 

Filament voltage 

12-6 

4*43 

Filament current 

24 

67-6 

Filament watts . 

300 

300 

Filament diameter 

0‘6S mm. 

1-20 mm. 

Filament sectional area 

0-31 sq. mm. 

1*24 sq. mm. 

Filament effective length . 

160 mm. 

76 mm. 

Filament superffcial area . 

8 0 sq. cma. 

8*0 sq. oms. 


From this table 

E = 14’66 X 10-0 X 70/27 = 0-38 x 10“^ 


and assuming the load ■= 5 x 10® ohms 
and E = 20,000 volts 


the cubic equation reduces to 

- 0-3 X 10-V + I'lfii sin 0 - 11,000 sin»^ - 0 

and the solution of this equation may be taken to he of the 
form 


fii® - 11,000 sina (9 = 0, 


for the maximum value of e^, as the error in so doing is not 
more than 2 per cent. 

The current i will have a sinusoidal form to a very near 
approximation, viz., 


20,000 
6 X 10® 


sin 0 


=» 0*004 sin 0 amperes. 
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The power absorbed in the tube due to the anode drop is 
therefore approximately 

H ^IT X 10“* sin2^(4 sin 

TTJo 

=> 37 milliwatts 

and the filament consumption is 300 watts. 

The efficiency is calculated as follows:— 

neglecting the loss due to the anode drop, the input is 
(20,000 sin 0) mean ^ (0*004 sin ff) mean + 300 
= 8*3 + 300 = 308*3 watts 

and the output is 8*3 watts. The efficiency is therefore 2*7 per 
cent, and is very low on account of the high relative value of 
the filament watts. This is not a representative case, but has 
been given to show the effect of working with a valve not suited 
to the requirements. 

The efficiency can be improved by using a valve with a Jess 
consumption m the filament, but it may also be increased by 
taking a larger current from the rectifier. In the second ex¬ 
ample assume that the load H is 100,000 ohms. The equation 
for 6i then becomes 

ei^ - 0*07 + 2900 sin ^ - 2 8 x 10'^ sin® ^ = 0, 

and again the middle terms may be neglected whence 
h =“ ^2*8 X 10^ sin®^ = 310(sin 

This curve is shown in Fig. 202: the mean value of ei in 
this case being 98 volts over one complete cycle. 

The current curve is now seen to be 

i « 0*2 sin $ 

whose mean value is 0*064 ampere. The loss due to the anode 
drop is therefore approximately 

0*064 X 98 =5 6 watts. 

The input in this case is 

0*064 X 6400 + 300 + 6 = 713, 
and as the output is 410 watts the efficiency is 57 per cent. 
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It will be seen, therefore, that the efficiency of such a system 
increases rapidly with increasing load but can only reach high 
values when the input is large compared with the filament watts. 

Eeferring to Table XXV. (page 300) the watts input to the 
filament are 300 and the watts per unit area of the filament are 
therefore 100. This corresponds to a filament temperature 
of approximately 2700° K. and an emission of 1*52 amperes 
per unit filament area, or a total of 4*66 amperes. This is 
obviously too high a figure, and there is therefore some inac¬ 
curate assumption in the use of the table. The error is due 
to the neglect of the cooling effect of the leading-in wires 
and supports on the ends of the filament; and the connection 



between Col umn s (1) and (2) of the table must be used with 
caution, as the whole of the watts supplied to the filament are 
not used to raise its temperature equally along its length. It 
is important, however, to be able to obtain a relation between 
the diameter of a filament, the current passing through it, and 
its temperature. The equations connecting these quantities 
have been carefully mvestigated by Langmuir and the curve 
below IS obtained from the resulting data. The current is 
^ven in Fig. 203 for a cylinder of tungsten one centimetre 
m length and one centimetre in diameter; and as there is a 
fundamental relation between the current and the diameter for 
any one temperature of the form 

I varies as di 
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the equivalent current in a cylinder 0’63 mm. in diameter can 
be ascertained as follows;— 

I = = 1610 amperes. 

From the curve in Fig. 203 this corresponds to a tempera¬ 
ture of 2470° K ; the difference between this result and the 
one obtained above of 2700° K. represents the cooling effect of 
the electrodes, etc. 



Fig. 208.—Ampere-temperatui’e charaoteriatios for tungsten wire one centimetre 
long and one oentunetre in diameter. 

From Table XXIV. this temperature corresponds to an emis¬ 
sion of 720mill]amperes per square centimetre or a total emission 
of 2T60 amperes. This agrees with what would be expected for 
the saturation current for this particular rectifier, and shows 
that the valve was working at about saturation point in the 
second of the two examples. 

Assuming that it is possible to run this rectifier up to its 
saturation current then the current curve would be represented 

by 


•i = 2T6 sin d. 
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The maximum voltage drop across the bulb, assuming that 
Child’s equation holds at the saturation point, is given by 

i = 0'38 X 10-^ 6^3 

or = 850 volts maximum value. 

The watts absorbed by the rectifier are 

1 fir 

- (850 sin ^)(2TG sin d)d6 approximately 
ttJq 

= 920 watts, 
and the input is therefore 

6400 X 0 69 + 300 = 4700 watts 
The output is 

6400 X 0 69 - 920 = 3530 watts, 

which represents an overall efficiency of 75 per cent., and is the 
ideal maximum figure obtainable with this particular rectifier. 

The above examples have been worked out without due 
regard to the wave form; and to be more correct the calcula¬ 
tions should have been made from the equations on page 299. 
It is rarely necessary, however, at the present time to go to 
this trouble, and these examples have been given to illustrate 
the use of the approximate solution. 

Hffect of Reactance in Circuit.—So far only a simple 
circuit of a rectifier supplying current directly to a loa,d has 
been considered; and the resulting current wave will consist of 
a number of loops (either single or biphase) in which the current 
drops to a zero value every half cycle. It is possible, however, 
to apply the device employed in the case of mercury vapour 
and mechanical rectifiers of inserting a condensive or inductive 
reactance in the rectified circuit to smooth out the large current 
variations. This impedance may consist of either a condenser 
or an inductance or both, with the difference in this case that, 
as high voltages are usually employed, an inductance would 
necessarily be of large dimensions ; and it is therefore common 
practice to employ a capacity in shunt across the rectifier 
terminals, as shown in Fig. 204. 
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With the same notation as before six equations may be 
evolved connecting the various quantities during the period 
that the current is flowing through the valve, viz., 

E sin ^ = fij + eg 
^2 ™ 

fig = 

Bn ™ 

= Ke^% 

«i = 4 + 

These equations result in a differential equation which is 
difficult, if not impossible, of solution, and, moreover, which 


E SIN 6 

nmnnr o o n rrrnnnnnnPi 


'P 
1^1 
1 ' 



ifl 


Fia. 204.—Oirouit with capacity for smoothing oun-ent wave. 


cannot be simplified without making erroneous assumptions 
Some other method has to be evolved for solving the problem, 
and au mgenious approximation is due to Prof. Eortescue. 

Fig. 205 indicates the general shape of the various current 
and voltage curves where eg and eg' represent the voltage of the 
condenser during charge and discharge respectively. 

The assumption made in the use of this method is that the 
valve current \ rises to a saturation value and remains there 
for a considerable portion of the cycle. This is not strictly 
true because in most instances saturation current is not even 

20 
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-( 


approached before the valve is overloaded ; but it may be taken 
to represent a mean value of the anode current within a margin 
of accuracy. 

The first point to notice is that no current will be passed by 
the valve until the supply voltage is equal to the counter E.M.F. 
of the condenser, or in other words, if is the angle at which 
current begins to flow 

9 ^ = sin-i^ 

where 'E is the voltage of supply (maximum value). 

Two further assumptions are necessary, viz. (i) that the 
time taken for \ to reich its maximum value is negligible, 
and (ii) that this current is zero at a time equivalent to 9a. 
electncal degrees before the end of the half cycle; this is the 



Fia. 205.—Supply aoid capacity voltages in a themuonio recti6er. 

same as saying that AO ^ BD. This latter assumption entails 
a constant value for which in practice must vary in amount 
depending on the circuit constants. With these assumptions 
it may be said that the anode current is flowing for a time 
equivalent to 

IT -29a m 
2’n‘ 

seconds per cycle, where T is the time of one complete cycle. 
Hence the quantity of electricity stored in the condenser during 
the period AB\b 

where \ and are the valve and load currents respectively. 

But the quantity of electricity discharged by the condenser. 
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during the period BO must be equal to this amount. Hence 
if it is assumed that “ V = where dashes represent the 
discharge period, and that these are now the mean instead of 
the instantaneous values of the currents, the condenser is dis¬ 
charging for a period represented by 


and therefore 


whence 


L 

27r 


(tt -t- 2(9rt) 


“h - 

^2 TT - 2^a 

\ _ 27r 

^2 ■JT - 2^a 


This with the equation 

6a = sin-^^ = sm- 


E 


( 6 ) 

(7) 


will enable the various currents required to be calculated from 
the given data. 

Suppose that the variation of the rectified voltage permis¬ 
sible is he^ then the change of charge on the condenser is, by 
substituting for 


IT - 1 - 26a 
27r 


. TL 


and the capacity required to produce this variation is 

. . . (8) 

gg 27r of 

where f is the frequency of supply. 

Finally there is the load equation 

= 62 • • • • • (®) 

In the four equations (6), (7), (8), and (9) there are nine 
quantities, of which five must be chosen before the equations 
can be solved; h,f,E and B are supply and circuit constants, ^2 
is the output current and is fixed by the conditions of load, and 
the four remaining quantities ^o, and 0 can be ascertained. 
It is instructive to apply this method to the example above 
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where the load consists of a non-inductive rosistanoe of 10^’ ohms, 
and ^ = 0’064 ampere, h => OT, / =» 50 cycles and E = 20,000 
volts. From the equation it is found that da = 0'381 radian, 
C = 1‘21 microfarads and \ = 0T61 ampere. 

Thus the overall efficiency of rectification in this case 
amounts to 40 per cent., whereas seeing that the loss in the 
condenser is negligible, there is a considerable divergence in 
the results. In the general use to which these rectifiers are put 
it is rarely possible to work to any great accuracy, as would 
be the case with large power rectifiers, and it is a simple matter 
in practice to make any corrections that are necessary when 
the calculations are completed, or to correct for these assump- 


0 07 




i n i R? -1- 


r' 1 


Fig, 206.—Smoothing oondenaer m a biphase system. 


tions by the insertion of a resistance in the load circuit. 
Furthermore, although in the above example a 10 per cent, 
variation in the current and voltage is specified, yet this figure 
can be caused to vary within \dde limits by varying the capacity. 

If a biphase arrangement is used as shown in Fig. 206, the 
corresponding formula for the capacity is 


n “^2 I 

fig ‘ TT * hf 


which, by fil^ in the values above, is seen to be 0‘84 micro- 
farad, showing a Urge saving in the size of the oapaoity 

flootnation. It should be remem- 
^ red here that whilst the voltage is halved the current is 
mcreased in the ratio of 1 to 

TheappUeationof this particular method has been deaoribed 




• oVTVI^ 

I ' 
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by Prof. Eortesoue in a paper before the Physical Society 

where a number of corrections are applied and curves are 

plotted for differing circuit constants. 

The chief point to recollect is that 1 

a valve rarely works at a saturation «: : 

value, as the temperature would in 

most cases be so high as to cause 

destruction of the tube. c, ' 

Wave Filter.—If the use of a —II- 

single condenser is insufficient it is -11-. 

possible to employ a form of wave 

filter similar to that used m telephone R 

circmts to eliminate undesirable bar- Wave fiifcor for 

smootniDg ourrenc wave. 

monies; and this method has been 

adapted to thermionic rectifier circuits with considerable success 
by A. W. Hull. 

Take the case of a circuit diagram as shown in Fig. 207, 
where the filter circuit consists of two condensers and G 2 
with an inductance of L henries between them feeding current 
to the load B. If is the voltage across Uj then 

• ^ ds-i 


Fig. 207.—Wave fiifcor for 
smoofchlog current; wave. 


and as the current i may be considered to be constant (the 
variation being stipulated by the method to be small) 

where T is the time of one complete cycle to a near approxima¬ 
tion, and Sej is the voltage fluctuation across the terminals of 
Ui. It is apparent that the fluctuation of voltage across G^^ is 
in the same ratio to the fluctuation across G^ as that of the 
impedances of the two circuits, and if 8^2 is the fluctuation 
across G 2 , 

1 

Be2 pCz 1 


- Lp 

pOi 


1 - LGiP^ 
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but 

and therefore 


Sfli = 




iT Qt’jri 

Qiiri 


" JpCid - V^LG^r 

The best apportionment of these capacities may be ascer¬ 
tained by writing 

0 = (7i + O 3 

and differentiating Sfij with regard to G^ and equating to zero, 
which results in 

p{l - Lf{G - GO) + = 0 


or 


G 2 ■= ^(g + 


Lp^’ 


Qiri 


and 

which gives 

Thus if the periodicity is high 

G,= G, = iG. 
As 62 is the voltage across the load 

Bi = fla 


and 


Be^ Stt 


which provides an equation for the percentage fluctuation 
reqmred. 

This method is only applicable in the case of high frequencies 
if the use of capacities of reasonable size is a necessEbry condition. 
For instance, with a load of 10^ ohms and an inductance of 
500 henries, the following table indicates the percentage voltage 
fluctuation:— 
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1 microfarad 50 cycles, fluctuation 1*7 per cent. 
0-01 100 „ „ 7-3 „ 

0*01 „ 1000 „ „ 7-3 X 10-3 

This shows that at the higher frequencies a very small con¬ 
denser will have a large effect on the undulatoriness ; but at the 
lower frequencies a condenser on a big scale is required, unless 
the load resistance is high. This can only be possible where 
small currents are required unless again the voltage of supply 
is chosen to suit, which would entail high voltage transforma¬ 
tion with its consequent expense. Thus, unless the case under 
consideration is just suited, the cost of smoothing the current 
wave by these means is likely to be high, and the secret of a 
cheap installation is (if practicable) so to choose the frequency 
of supply that it is m the neighbourhood of 2000 cycles. This 
is sometimes not difficult in modem plants, and with the im¬ 
proved types of high frequency generators a reduction in the 
size of the transformation plant may often be effected at the 
same time. This point is evidenced later. 

Representative Rectifiers. — Pour types of commercial 
rectifier are shown in Pigs. 208, 209, 210, and 211. The first 
the U. 1 rectifier. Pig. 208, is an early type developed during 
the war; the others are more modem in design. Por example. 
Pig. 209, the M.E. 9 is a large type of glass rectifier, and the 
0 A.E. 2, Fig. 210, a large power rectifier with a water-cooled 
anode. The E.H T. 3 type, Pig. 211, is a high voltage rectifier 
for small currents. 

U. I Rectifier. —The U. 1 rectifier is suitable for voltages up to 
2500 volts, and has the following characteristics:— 


Filament volts ..... 12'0 
Filament amperes .... 4‘0 

Dissipation watts . . . . 150‘0 

Total emission m a . . . . 150‘0 

Overall length mm.220 

Diameter of bulb mm. . . . 120 

Maximum voltage rms. . . . 600 


Pig. 212 gives the characteristic curves. 

M.R. 0 Rectifier. —This is a more modern design for use up 
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to voltages of 10,000 volts, and differs in several important 
respects from the U. 1 type. In the first place the anode is of 



molybdenum, having a much higher melting-point than nickel, 
so that it is not so easily damaged on short-circuit. 

The filament is in two distinct psirallel portions each of which 
is axially mounted in a nearly closed cylinder; a cross-section 
of the anode is shown in Eig. 213. 


The slits in the anode are 
necessary to enable the anode 
to be passed over the filament 
system in assembly. This 
construction has several ad¬ 
vantages over that of the U. 1 

Fig. 218.—OiMs-Beotion of a M.B. 9 —firstly, since each filament 

reotifler anode. , ■ , 

IS axially placed in relation 
to the cylinder, i.e. in a position of electrostatic equilibrium, it 
is free from the action of electrostatic forces, which may be 
large, and might result in destructive effects on the filament 
at voltages over 10,000, were it not so placed. Secondly, each 
filament is situated in a cylinder of small radius, and there is 
no mutual interference of the fields of the respective filaments, 






!. 2H.—E H.T.3 reckSer. 
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as IS the case with the U. 1. Thus the anode volts for any 
particular anode current are considerably reduced. 

An approximate characteristic curve is shown in Fig. 214 



0 100 200 300 400 

ANODE VOLTS 

Fig. 214.—Oharaoteristio curves of M.B. 9 reotifier. 


The general particulars of the reotifier are as follows:— 

Filament volts ... 20 

Filament amperes . . 24 

Dissipation .... 3 K.W. approximately 

Total emission ... 1 ampere approximately 

Volts to saturate emission . 450 

Maximum voltage rms. 12,000 
C.A.R. 2 Rectifier.—This rectifier is illustrated in Fig. 210 
and differs from the preceding types, in which the anodes are 
completely enclosed in the evacuated bulb of glass, and on that 
account can only dissipate energy by thermal radiation, in 
having an anode that is external, and is cooled by a flow of 
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water through a jacket (not shown in the photograph). It is 
considerably larger in bulk, as will be seen from the following 
particulars:— 


Filament volts . 

20 

Filament amperes 

50 

Total emission amperes , 

5 

Volts to saturate emission 

530 

Overall length mm. . 

750 

Maximum voltage rms. 

. 12,000 


The anode consists of a copper tube, which is centrally 
indented along two-thirds of its length, so that its cross-section 
is as shown in Fig. 216. 

The filament consists of two lengths of tungsten about 
1 millimetre in diameter, and twenty centimetres long, con- 


Fig. 216,—Oross-seciiioii of a O.A.B 1 2 Fig, 216.—Filament eysbem of O.A.!R. 2 

rectifier anode. rectifier. 

nected at their extremity by a cross bar as illustrated in 
Fig. 216. 

To each end of the anode is joined a wide glass tube, which 
at one end carries the filament leads, and at the other the 
guiding and tensioning arrangements for the filament cross 
bar. 

Each leg of the filament is mounted in one of the cylin¬ 
drical chambers of the anode. This design is obviously an 
adaptation of the M.E. 9 principle to an external anode con¬ 
struction, the connecting space between the two chambers of 
the anode serving the same purpose as the slits in the anode of 
the M.E. 9. 

Owing to the small diameter and great length of the anode 
the voltage drop in the rectifier is quite small. 

Fig. 217 gives the characteristics of the 0. A.E. 2 rectifier, and 
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it is seen that to obtain the full emission approximately 600 
volts drop occurs between the anode and the cathode. 

E.H.T. 3 Rectifier.—The E.H.T. 3 rectifier is illustrated m 
Fig. 197, and has the characteristics shown in Fig. 221. 



Fig. 217.—OharactenBiiics of the C.A.B. 2 reotifier. 


This rectifier has the following divisions;— 


Filament volts 
Filament amperes 
Total emission milliamperes 
Impedance, ohms 
Overall length mm. 
Diameter of bulb mm. 
Maximum voltage peak 


8-0 

8-0 

200 

750 

530 

180 

160 K.V. (Eeverse) 


and is chiefly used for such purposes as cable testing (page 509) 
and in any case where a high voltage is required with a relatively 


low current output. 

Seals.—It will be noted that the sizes of certain types of 
thermionic rectifier have increased to a considerable extent; 
and that filament currents of the order of 100 amperes and even 
higher can be employed. This improvement is the direct out¬ 
come of the newer types of glass seals which are now practicable 
on a commercial scale. Eeference to the large water-cooled 
rectifier in Fig. 224 will show that there are four main seals, 
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viz. two joining the two bulbs to the anode, and two for the 
filament leads, the two latter being of the later type. 

To illustrate the possibilities of the seals Fig. 218 shows 
a freak reduction joint from large bore tube to comparatively 
smaller tube. The glass is joined directly to invar cylinders in 
a form of glass lathe, and no difficulty is experienced in their 
manufacture or maintenance. 

The filament seals are illustrated in greater detail in Fig. 
219 which also indicates the thick metal connections to the 
tungsten filament. The actual details of construction are shown 
in Fig. 220. • 

T is a platinum thimble on to which the glass joint G is 
made. The main connection L, made of large stranded copper 
wire soldered solid at the end, is inserted into the thimble to the 
point P. A clamp 0 is then placed over the thimble and into it 
is inserted the main filament lead and support E. On tighten- 



Fia. 220.—Details of filament seal, 


ing the nut and bolt N the thimble is squeezed until good elec¬ 
trical contact is made. Thus electrical connection is ensured 
through the walls of the thimble, which expands only in a 
longitudinal direction with heat and does not in any way tend 
to crack the glass seal. 

It will be apparent that such arrangements as these will 
enable big improvements to be made in thermionic rectifiers, 
and possibly also in mercury vapour rectifiers, as there appears 
to be no limit to the safe current that can be carried, if the seal 
is made sufficiently large. 

Manufacture and Evacuation—In the process of manufac¬ 
ture, after assembly, the valve is sealed on to a first grade vacuum 
pump system, and is then baked in an oven up to as high a 
temperature as the glass will stand without collapsing, in order 
to remove gas from the glass. The anode is subsequently 
bombarded ’ to remove all occluded gas. It has already been 








Fia. 219.—PilamenL seals. 

\To face page a 17, 
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seen that if a positive potential is applied between the anode 
and the cathode of a rectifier, electrons leaving the cathode 
attain a velocity proportional to the square root of the voltage ; 
and owing to their mass they possess kinetic energy. When an 
electron strikes the anode it is brought to a state of comparative 
rest, and its kinetic energy appears as heat in the material of 



Fig. 221.—ObaraoteriBtloB of E.H.T. 8 reoblfler. 


the anode. The anode is thus heated by being hammered or 
bombarded by a stream of electrons reaching it. 

If the anode current is I amperes, and the anode voltage 
F, then the anode is receiving energy at the rate of IF watts. 

The process of bombardment consists m heating the anode in 
this way by applying a voltage between the anode and the 
cathode with the filament alight, and adjusting either the 
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filament current or the anode voltage such that the anode is 
heated to as high a temperature as is practicable. 

After these two processes devoted solely to the removal of 
all gas from the system, glass and electrodes, the valve is sealed 
off from the pump. 

Magnetron Effect.—The largest rectifier so far described, 
the C.A.R.^2, is designed for a filament current of 60 amperes. 
In attempting to construct larger rectifiers than this, and with 
bigger emissions, it would be necessary to increase the cathode 
area, either by lengthemng the filament, or by increasing its 
diameter, or by a combination of a variation of both of these 
parameters. There is a definite limit to the first, because 
a long filament may ^sily have such an emission, that the 
emission current (which has to flow from the valve along the 


/ 

A B 




N 


Anode 


Filament 


Anode 

E^q. 222.—^Magnetron efEeoti. 

filament) will bum out the ends of the filament; so that a long 
filament must be out up into a number of shorter filament 
systems connected in parallel. 

There is also a limit to the diameter of the filament, due to 
the deflection of electrons by the magnetic field of the filament 
heating current. This effect wsiS first considered practically by 
Hull in the “ Journal of the Institution of the American Elec¬ 
trical Engineers,” and was also treated by Richardson in the 
“Philosophical Magazine.” It is due to the tendency of moving 
electrons to perform spiral orbits in a magnetic field. 

Fig. 222 represents a longitudinal section of a cylindrical 
rectifier. The lines of force due to the filament current will be 
circles about • the filament, and in the section shown will be 
perpendicular to the plane of the paper. 
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An electron leaving the filament instead of moving direct to 
the anode will be deflected as shown by the dotted line A, and if 
the filament current is large enough, the electron may not reach 



the anode at all, but its direction may be reversed; in which 
case it vnll return to the filament as shown by the dotted line 
B. Thus for any filament current there will be a lower limit 
of the anode voltage below which no electrons will reach the 
anode. 
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Hull has given the following equation for determining this 
critical voltage:— 

Vc = 0'0188 P {log 

where Vc is the critical voltage for a filament current J, dZ and 
do being the anode and cathode diameters respectively. If the 



0 400 800 1200 1600 

ANODE VOLTS. 

£* 10 . 225.—O.A.B. 8 Eectifiet oharootetistiloB ehowing magnetron efioot. 

cathode is a tungsten filament operating at 2600 degrees Kelvin, 
and heated by direct current, this equation becomes 

7. - 44100 d» (logio 

A series of curves calculated from this equation are given 
in Fig. 223, and it is seen that though the effect is quite 
small in the rectifiers previously described, with filaments of 
several millimetres diameter, it rapidly increases, and the 




Fig. 224 &.—Large water-cooled rectifier in holder C.A.R 3 type. 
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critical voltage reaches several hundreds or thousands of volts. 
There appears to he a limit to the size of filament somewhere 
in the neighbourhood of 80 amperes, such that filaments larger 
than this cannot be satisfactorily used without serious loss in 
efficiency. 

As a practicable example of the phenomenon, Fig. 224 
shows an experimental rectifier constructed in the Besearch 
Laboratories of the General Electric Company, Wembley, of a 



general design similar to that of the C.A.B. 2, but somewhat 
larger, and having a filament of approximately i'8 mm. in 
diameter taking 125 amperes; Fig. 224 a shows the rectifier 
without its water jacket, whilst Ji’ig. 224 h illustrates the same 
rectifier fitted with its jacket and a holder for ease of mounting, 
as shown in Fig. 240. The diameter of each chamber of the 
anode is 3'3 centimetres, so that from the curves of Fig. 223 
it will be seen that a considerable magnetron effect is to be 
expected. 


21 
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Fig. 226 illustrates curves taken from oscillograms of the 
anode current at a number of different steady D.C. voltages, with 
the filament heated from a 60 cycle supply; the dotted line shows 
the phase relation of the filament current to the anode current. 
It is seen that with 300 volts on the anode the anode current is 
entirely cut off for a large part of the cycle; and that even with 
an anode potential of 1300 volts, the magnetic field of the fila¬ 
ment current, when at its maximum value, can still appreciably 
diminish the anode current. 

From the curves of Fig. 226, and further data, the two 

curves of Fig. 225 have been 
obtained ; the thick line shows 
the characteristic of the recti¬ 
fier when there is zero filament 
current, while the dotted lino 
indicates the characteristic, 
when the filament current is 
at its maximum value of 

126 X v^2 «= 177 amperes. 

Further data on the Mag¬ 
netron Effect are given on page 
491. 

The Significance of —It 

has been pointed out on page 297 
that /S'® is usually approximately 
unity in value, and therefore is 
of little import. If, however, 
the ratio of the diameter of the 
cathode to that of the anode, 
IS in the neighbourhood of unity, the factor /S'® becomes 
important. 

Fig. 227 illustrates two experimental rectifiers, constructed 
to demonstrate the importance of /S'®. 

One rectifier, viz. that in Fig. 227 a, has a cylindrical anode 
whose diameter is 1’16 cm., and whose length is 4 cm.; 
whilst the cathode is a filament of tungsten 0'009 cm. in 


A 



(a) ("b) 


Fig 227.—Beotifiers to demonstrate 
the efEeot of 
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diameter, so that in this case djde is large. In the companion 
rectifier (Fig. 227 h), the anode is of the same dimensions, but 
the cathode instead of consisting of a tungsten filament is a 
nickel tube 1 cm. in diameter, coated with a mixture of the 
oxides of barium and strontium. It is heated to approximately 
900 degrees Kelvin by means of thermal radiation from a heavy 



Fig. 228.—Oharaoteristio curves of two speoial reotiflers as shown in Fig. 227. 

40 watt tungsten filament situated internally. This filament is 
solely to supply heat and is insulated from the cathode and 
anode, when the measurements are made. In this case the 
ratio djd^ is 1T6, the corresponding value of is 0‘017, and 
therefore it would be expected that since the anodes are of the 
same dimensions the anode current for the same voltage would 
be 1/0*017 •= 60 times as great as with the filament rectifier. 
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The observed charactenstic curves of the two rectifiers, 
shown in Fig. 228, demonstrate that this is substantially true. 

It must be observed that the construction of the two recti¬ 
fiers is not sufficiently accurate for this to be a complete check 
on the computation of , it does, however, furnish a proof that 
Langmuir’s theory is substantially correct. 

The remarkable characteristic of the rectifier illustrated in 
Fig. 2276, quite unattainable by any filament type of rectifier, 
suggests that the general significance of should be considered; 
though it does not appear at present, that rectifiers similar to 
that shown in Fig. 2276 can be constructed on a large scale for 
high voltages. 

Rectifier Design.—First consider the following problem: 
Given an anode of diameter of 5 cm. and length 10 cm., and 
having a cathode whose emission is 0‘6 ampere per square 
centimetre, it is required to determine the total emission, the 
anode voltage to saturate this emission, and the kilowatts to be 
dissipated by the anode when saturating the emission with 
varying cathode diameter. 

Using the values of given by Langmuir and Blodgett, the 
following set of data can be determined as shown in Table 
XXVI., and the results are plotted in Fig. 229 


TABLE XXVI. 


do 

Om. 

Emission 

d 

Current 

Amps. 

do 

0-1 

1-6 

60 

02 

8 

26 

0-6 

7-6 

10 

1 

16 

6 

1-5 

22-6 

8-388 

2 

80 

2-6 

25 

37-6 

2-0 

3 

46 

1-667 

4 

60 

1-26 

4*6 

67-6 

1-111 

4-8 

72-0 

1-042 




10986 

1*0812 

•9782 

■7666 

•6748 

•4121 

•2798 

•174 

•042 

•0094 

•00162 


Anodo 

Kilowatts 

Voltage. 

Biaslpatoil 
in Anode. 

923-9 

1-886 

1466 

4-866 

2608 

18-810 

8884 

60-780 

8669 

82-82 

8662 

106-66 

8181 

119-8 

2619 

117-86 

1280 

78-8 

400*4 

88-1 

168'6 

11-41 


_ 


The result is remarkable as it is seen that if a limitation is 
imposed, as must be the case, either on the voltage drop that 
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can be allowed, or on the kilowatt loading that the rectifier can 
dissipate, and if full use is to be made of the available emission, 
then the cathode must either be less than a certain diameter 
or greater than another larger diameter. For example, if a 
1000 volt drop is the permissible maximum, then the cathode 



Fia. 220.—Dosiga daba for a rootiAor. 
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diameter must in this case be either less than 1 mm., or it must 
be greater than 4T cm. 

This suggests the consideration of general alternative designs 
for a rectifier to some definite specification. Take, for example, 
a rectifier which is to have an emission of 100 amperes, and 
an anode voltage of 1000 volts to saturate this emission; assume 
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again the figure of 0*6 ampere per square centimetre of the 
cathode area. This determines at once the area of the cathode 
as 200 sq. cm , which can be obtained m practice, either by means 
of a long fine cylindrical cathode or short thick ones ; once the 
diameter is settled, the length is determined, and further, as the 
emission and voltage drop are fixed, the anode diameter can be 
ascertained. 

This has been done, and the results for various cathode 
diameters are given in Table XXVII. The watts dissipated 
per square centimetre, on the assumption of a 36 kilowatts 

TABLE XXVII. 

ALTBRNAIlVlil DimBNBIONS OF EnoTrFiBiia. 


025 

■06 

•1 

•2 

86 

•6 

•76 


1 

2 

3 

6 

10 


Diam. of Filament. 

Length of Fil. 

Dlom. of Anode. 

Spaoing. 

Volume of 

Om. do 

Om. 

Cm. d 

Om. 

Anode, Oni.“ 

•026 

2400 

22 

11 

918,000 

■06 

1200 

11 

6‘48 

114,000 

•1 

COO 

6'6 

2-7 

14,170 

•2 

800 

2-76 

1*28 

1,782 

•86 

170 

2 

■826 

684 

•6 

120 

1-8 

•66 

306-6 

•76 

80 

1'8 

•62 

208-6 

1 

60 

2 

•6 

188-6 

2 

80 

2-8 

•4 

186 

S 

20 

8*S 

•4 

227 

5 

12 

6-8 

■4 

817 

10 

6 

10-76 

•376 

646 


Area of Anoda 

Watts Per Om.® DIhhI- 

Om.a 

pation at Anode. 

166,000 

•2108 

41,600 

•8486 

10,880 

8-872 

2,694 

18-49 

1,069 

82-74 

679 

61-66 

468 

77-26 

877 

92-80 

264 

182-6 

289 

146-4 

219 

169-76 

202-6 

172-7 

Dissipation = 86 kilowatts.* 

1 


Area of Anoda 
Area of Fllanioiit' 


R81 

220 

66-2 

18-8 

6-07 

8-0 

2*4 

2-0 

1-4 

1*27 

1‘10 

1'07 


* This 86 K.W. IS based on 20 K.W. spent in cathode heating, and 15 K.W. 
in bombardment when used in a hexaphase system. 
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diHHipation in tho iinodo, nntlcr normal running (ioiulitionB, 
lire also given. 

Somo of the results are plotted in ilio curves in Fig. 280. 



2S0.—Design data foi' raotitlom. 

Arising from the foregoing, the more striking points are:— 
(i) As the cathode diainotor is inoreasod the volume of the 
anode decreases with great rapidity to a minimum, after which 
it increases. 
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(li) The anode diameter decreases in the same way to a 
minimum and then increases. 

Eig. 231 illustrates the first point indicating the comparative 
sizes of the anodes. 

(a) Eepresents the anodes of the OT cm. cathode diameter 
design, split into 25 sections; 

(Jb) Eepresents the 0‘5 cm. cathode design, split up into 
6 sections; while 

(c) Represents the 5 cm. design. 

(a) 


0-1 CM.CATHODE DESIGN. 

ANODE IN 25 SECTIONS, 24CMS.L0NGX8 5CMS.DIAMETER. 



• SCALE OF CMS. 

0 10 20 30 40 50 60 


0 5CM CATHODE DESIGN 
ANODE IN 5 SECTIONS 
24CMS. LONG X18CMS. DIA. 


(C) 


I 


5CMS.CATH0DE DESIGN 
ANODE IZCMS. LONGX 
5 8CM5. DIAM. 


Fio. 281.—^Belabive anode bIzob. 


Though the designs based on a larger cathode diameter do 
not appear to be at present available, there is little doubt that 
advance in this direction will be necessary, if the thermionic 
rectifier is to cope with outputs greater than a few hundred 
kilowatts, in order to avoid the necessity for large banks of 
small individual rectifiers with cathode diameters of the order 
of a millimetre or so. 

Operating Notes.—There are several operating notes which 
are of interest:— 

(a) Regulation of Filament Heating Supply. 

(b) Irregular Heati/ng of Filament. 

(c) SJiort-circuit Protection. 




























(VA(^mJ^r TlJJilOS) TJIMllMIONrc m 


((i) Jit'fjulafion of Filamnit JI eat ini/ t^upphi. 

Ah puinttul out on ('V.iporutiou of tlui tniif^fHton 

lilamont ih appro(5ial)lo at tlu! tomporaiui'cH (jiuployod normally, 
and ind(‘ed ih, apart from aouidont, tho datcn'inininf,^ faotor iu 
tho lift! of tho lilainont. I^ivaporation inoroaaoH rapidly with 
toinporaturo, and, in faot, fuich a Hinall iricroaBo an per coni, 
in the terminal voltafjo, Ih 8uHiGi(iiit to doiiMo th(i evaporation 
and halve the life; an ineroaso of per cent. rc^ducoH tlie life 
to one quarter of itw rated value. 

Thus it is GHsential, in order to obtain a fjood life from a 
tungHten hlanumt, to pay tho groattiHt attention to its heating 
HU})ply, and to employ instnimoiitH of the highest grade, in 
measuring tho iilament voltagt^. In passing, it may he worthy 
of mention that tlui lirst gra<le iiiHtruments aeuordiiig to the 
Standard Speeification of tho Mngineoring Standardw AsHOciation 
are by no means good enough for work of this character. 
Motors of Ijaboratory Standard accuracy should always be em¬ 
ployed where at all possible. 

^’ho adjustment of tho filament supply should bo always 
madii from the point of view of the voltage across thcj filament, 
ratlier than the current tak<‘n by it. '‘J’he reason for this course 
is obvious; the filament will become thinner as time passes, 
and if a constant current is mainiained, tho toinporaturo rises, 
and with it tiie rate of evaporation of the filament. 

Table XXVIII. gives the calculated lives of a 0*0115 centimetre 
Iilament run at constant supply volts, and at constant current. 
'I’he figures arii calculated on the basis of Tjaiigmuir’s ovapora- 
tioii figures, and tho assuniption that the life ends when the 
dianioter has been decrnaHtul 10 jier cent, by evaporation. 

Tho results are roimirkahle, and moreover agree generally 
with ohsurvatioiiK. Thus the filament sliould Ixt operated at 
a constant voltage. U is true that the voltage may have to he 
increased slightly from time to time, to raise tho emission to tho 
requisite value, hut the filament runs no risk of being grossly 
maltreated, as may be the ease if it is operated from a source of 
constant current. 
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TABLE XXVIII. 


Inihal 
Temperature 
De^eea E. 

Constant Current. 

Constant Volta. 

Life at 

Life 

(Hours) 

Final 

Temperature 
Degrees K 

Life 

(Hours). 

Final 

Temperaturo 
Dogroca K. 

Oonatant 

Toiiiporature 

(Iloura). 

2660 

260 

2760 

1160 

2606 

770 

2440 

1400 

2700 

7600 

2400 

6700 


Further, in the case of a bank of rectifiers, since there are 
always slight differences between individual rectifiers of the 
same make, a constant bns-bar voltage should be maintained 
with small individual adjustment for each rectifier. 


(&) Irregula/r Heating of Filament 
An important feature in the design and operation of ther¬ 
mionic rectifiers, is the uneven heating of the filament due to the 
emission current. The general effect is that the negative cmd of 
the filament is hotter than the positive end. From the point of 
view of design this limits the length of filament that can bo 
used. In operation where the filament is heated by alternating 
current from the same source as the current to be rectified, it is 
desmable, from time to time, to reverse the filament leads. In 
a big installation the most satisfactory solution is to run the 
filament from a supply of slightly different frequency from that 
of the current to be rectified ; and for large 60 ampere filaments, 
a difference of frequency of 6 cycles is sufficient. The polarity 
of the rectifier filament is then changed five times a second 
with respect to the current to be rectified, and both ends of the 
marnent are overheated in turn, while the thermal capacity of 
the ffiament is sufficient to prevent the temperature following 

e eat c anges, and it maintains an approximately constant 
temperature along its length. 


is 


(c) Short-circuit Protection. 

In normal operation, the voltage aorosa the rectifier when it 
passing current, is only a few hundred or perhaps one thousand 
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volts. If, however, the load is short-circuited, the full voltage 
of the supply is applied between the anode and the cathode, the 
anode is bombarded by electrons that have acquired a velocity 
equivalent to the full supply potential, and unless the supply 
circuit breakers operate rapidly, either the anode is melted, if 
of nickel, or if of molybdenum, it attains such a temperature that 
the electron emission is sufficient to destroy the filament with 
the back bombardment on the other half cycle; the more efficient 
the rectifier, the worse the effect. 

As a protection against this danger, a small circuit breaker 
may be placed in series with each anode, so adjusted as to open 
the circuit if the anode current increases unduly. An alternative 



Fiq. 282,—Bdollfier proteotlon. 


scheme which appears to operate satisfactorily is indicated in 
Fig. 232. 

In parallel with the main rectifier or bank of rectifiers A is 
connected an auxiliary rectifier, having in its anode circuit the 
coil of a solenoid and a series resistance; in normal operation, 
the resistance limits the anode current to a small fraction of 
the total emission of the filament, insufficient to operate the 
solenoid. In the event of a short-circuit, the voltage across the 
auxiliary rectifier rises so as to supply suflicient current to oper¬ 
ate the solenoid which can be arranged to trip the main circuit 
breaker. 

Efficiency and Comparison with the Mercury Vapour 
Rectifiers. —There is a very marked difference between the two 
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types of rectifier. While the mercury rectifier is essentially a 
heavy current, low voltage device, the thermionic rectifier is 
essentially a high voltage device, and cannot be used with great 
efficiency unless the rectified voltage is of the order of several 
thousands of volts. A simple example will illustrate this point 
—supposing a 6 ampere rectified current is being obtained at 
10,000 volts, by means of a hexaphase system, employing six 
C.A.E. 2 rectifiers; then the output will be approximately 60 kilo¬ 
watts, and it would be expected that a drop of approximately 
500 volts would be entailed in the rectifiers, so that 2'5 kilo¬ 
watts will be lost in heating the rectifier anodes. In addition, 
6 kilowatts are reqmred to heat the six rectifier filaments. 
Thus the total losses are of the order of 8‘6 kilowatts, and the 
efficiency is 86 per cent. If the rectified current of 6 amperes 
were supphed at 20,000 volts, the output would be doubled, 
while the losses would be the same, and the efficiency would 
rise to 92 per cent. At 2000 volts supply, however, the efficiency 
would only be 54 per cent. 

It will be noticed that with modem types of rectifier, the 
main loss lies in the filament heating system, and thus the 
thermionic rectifier can only hope to become a low voltage 
device through the development of more efiicient cathode 
materials than tungsten, capable of withstanding high voltages. 

Protection from Surges.—A further point in the safeguard¬ 
ing of these circuits is the advisability of including wherever 
possible, a high resistance in the load side to absorb the energy 
from any surges which are liable to occur. The device de¬ 
scribed on page 136, consisting of a glycerine and copper sul¬ 
phate resistance, has been found to provide excellent protection. 
This type of resistance has a high heat capacity which is useful 
m dissipating a considerable amount of energy lasting for a 
short penod, although it cannot carry large currents of the order 
of 30 milhamperes for long. These tube resistances have been 
effective in preserving the lives of valves which would have 
flashed over if not so protected. 
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CHAPTEB Xlir. 

INSTALLATION OP THBRMIONIO EBOTIFIERS. 

The use of thermionic rectifiers of high power has increased 
rapidly during the past two or three years, and it is not too 
much to predict that in the future, installations of this nature 
will become a commercial practicability for relatively large 
powers. 

One of the chief difficulties has been mentioned in the 
previous chapter, on page 324. Another disadvantage is that 
the thermionic rectifier is essentially a high voltage device, on 
account of the relatively large voltage drop across the tube, and 
the loss due to the filament heating. Thus if economy can be 
effected in the cost of high voltage transformers, the difficulties 
will be reduced; but if at the same time a high unidirectional 
voltage can be obtained from a lower voltage transformer then 
a further economy will be effected. 

Several devices are available which will help in this direction, 
the chief of which are now described. 

Bridge Connection of Rectifier.—Single and biphase cir¬ 
cuits are open to the objection that the transformer is not able 
to supply in the first case its full current, and in the second its 
full voltage. Various devices are available to overcome this 
objection, and the one most commonly used is that of the 
"Wiieatstone Bridge or Graetz method which is illustrated in 
Fig. 233. 

The valves are placed in the positions of the four resistances 
in the bridge arms, two valves being in opposition to the others, 
and the load E takes the place of the galvanometer. When 
current is flowing from the transformer secondary in the 
direction of the single-headed arrows, the valves 1 and 4 function ; 
whereas during the other half cycle, when current is reversed 
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and flows in the direction of the double-headed arrows, valves 
2 and 3 will allow current to pass. Thus the full transformer 

voltage will he attained across the 
I I load less twice the drop in the recti¬ 

fiers ; but the losses are correspond¬ 
ingly greater as four valves have to 
be employed, and the loss from this 
cause IS four times as great as in the 
single-phase case, and twice as great 
as in a biphase arrangement. Never¬ 
theless, this is usually of minor im¬ 
portance where high voltage work is 
concerned, as above 10,000 volts the 
increase in cost of the transformers 
due to the doubling of the voltage is 
considerable. 

Inverted Valve Connection.— 

If the cost of transformers is of moment it is possible to obtain 



Fig. 288.—Bridge of Graetz 
oonneoiaon for reotiflers. 



I OOtD»0ifliPUFU!AJ 
E SIM d 

I 

t 

c, 


Fig. 281.—^Inverted valTO and condenser arrangement. 

double the voltage of the transformer across the load by other 
methods. 

Fig. 234 shows an arrangement whereby two condensers Ci 
and Cg are connected to two valves, the one being reversed to 
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the other. The mode of operation is as follows: when valve 1 
is passing current, as shown by the single-headed arrows, con¬ 
denser Cl is being charged and Gg is discharging through the 
load. During the next half cycle when valve 2 passes current 
Cg is being charged and Cj discharges itself through the load ; 



and thus the load is subject to the double voltage of both the 
valve and the condenser between each half cycle. In this ar¬ 
rangement a wave form is obtained with a double frequency un¬ 
dulation and a voltage double that of the transformer secondary. 
This circuit is subject to calculation by the method of Prof. 
Fortescue (page 306). 

Inverted Valves for Measuring: Unsymmetrical Waves. 

A device which is useful in thermionic rectifier circuits where 
measurements are to be made of any reverse 
current which is being passed by the rectifier 
is worthy of attention. Assume that the 
wave form is of the shape shown in Fig. 236, 
where the big loops CO represent the main 
rectified current and the loop B the back cur¬ 
rent it is desired to measure. The circuit 
should be connected as shown in Fig. 236, 
where 1 and 2 are two valves large enough to 
pass the main load current, and connected in 
opposition. Aj and Ag are two moving coil, 
and and Og two moving iron ammeters. If 
the current represented by the loops GO in oonnections^fOT 
Fig. 236 is in the direction of the arrow, valve ^rrent^^ 

1 will enable Ai to read this current, and 

valve 2 will enable ammeter Ag to measure the back current 

B. The ratio of the readings of A and a will give the form 
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factor of each wave from which some idea of its shape may be 
obtained. If the filaments are incorrectly connected a small 
circnlating current will be observed which vitiates the accuracy 
of the results, and the polarity of the filament batteries is there¬ 
fore important, and has been indicated in the sketch. 

Maximum Voltage between Anode and Cathode.—In the 
case of a biphase system as in Eig. 206 when the left-hand 
valve IS conducting and at the maximum current value, the 
potential of the anode is + E, if the voltage wave is of the 
form E sin ^; but this entails a potential on the right-hand 
valve of - E which is non-conducting at this instant. As the 
left-hand valve is passing current the drop in voltage across 
the valve is small and thus the voltage on the filament of 


— Lo-i 


E SIN d 


o»* J J! <L* “ • ® 

firm I o rj'aTr'innnnnn 




J. 




-VWWN^V— 


R 


Fig. 237.—Single-phase oirouit •with oondonsor. 


the nght-hand valve is also approximately -i- E. The voltage 
BiCross the valve which is not passing current is thus 2E or twice 
the rated maximum voltage of the transformer (-2-82^g’ if S' 
is the effective voltage). The rectifier must therefore be so 
designed as to withstand a voltage equal to at least three times 
the normal supply voltage, otherwise a discharge may take 
place with disastrous results to the tube. 

This state of affairs normally applies to a biphase arrange¬ 
ment, as m the case of single-phase circuits the valve will drop 
the voltage sufficiently, but under certain conditions it may 
apply equally to single-phase circuits. In the diagram in Eig. 237 
suppose that the system of cabling, the switchgear, etc., has a 
high resistance leak to earth, then the insulation will be charged 
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up to a maximuuL potential of duiing the conducting period; 
and when the valve is not passing current, it may happen that 
this charge does not leak away sufficiently rapidly that its 
potential is appreciably lessened during the period of the non¬ 
conducting half cycle. The circuit is thus analogous to the 
insertion of a condenser of capacity G and if the rate of leak is 
slow enough the voltage of 2'8B across the valve may be attained 
in a single-phase circuit. Assume an insulation resistance of 
ft) ohms, then a condenser of capacity G will discharge a voltage 
\’4:B through such a resistance at an initial rate of 

volts per second. 


If / is the frequency of supply, in one half 
will be approximately 

ViE 


cycle the voltage lost 


2/«C' 


If the valve is to be strained to the upper limit of 2’8E this 
quantity must be small compared with the voltage of charge 
or and thus 


2 ^ must be less than 


If / = 50 cycles per second, and G <= 1 microfarad, co can be 
as low as 10,000 ohms; but if C is only O'OOl microfarad, qj 
must be at least 10 megohms. This calculation shows the 
necessity for caution in the use of rectifiers on high voltage 
circuits as regards the equipment used, especially if any high 
tension switching devices are employed. It is always safer on 
single-phase circuits to use a rectifier with a factor of safety of 
three. The interesting point is also raised that where the 
system has a small self-capacity, as is usually the case, the in¬ 
sulation resistance should be higher than would otherwise be 
necessary. 

This question of the electrical stressing of valves may be 
developed to include the case of multiphase circuits. Assume a 
system of m phases, where the voltage waves will take the form 

E sin d, 


22 
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or generally 


E sin + 


27rA;\ 
/ 


m 


where h is any integer 0,1, 2, etc., up to {m - 1). 

If the first valve of a series of m valves corresponding to the 
m phases is non-conducting at the time when the value of 0 in 

TT . 

the expression E sin 6 does not lie between ± it will have a 
voltage across it of 

^/jsin 6 - sin (o + 

it being assumed that the valve whose voltage is 

E sin (^9 + 

\ m J 

is conducting at this instant. 

This voltage difference will be a maximum when 

E|{sin - sin (^ + ?^)} = 0 


or when 


tan 6 


- 

cos-1 

m 


sin 


^Trk 

m 


The maximum voltage across the valve is then 


-bMi - OOS?^). 

V \ m J 

Now the maximum value this expression can have is - 2£r, 
the negative sign indicating that the voltage is in the reverse 
direction across the first valve and the value of h is then ‘J 7 i/ 2 . 
Thus in this instance also the peak voltage across the valve is 
2-8 times the effective voltage of supply, and, as in the other 
case, the valve must be designed accordingly. 

It will be noted that care is required in the installation of 
rectifiers, and at the same time economy may be effected, by 
the use of special connections, and transformer designs. The 
real economy in transformer voltage is especially apparent if 
the load is tapped across the rectifier terminals (i.e. the anode 
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and one of the filament leads), in winch case practically double 
the transformer voltage will he obtained. It is not to be 
expected that large powers can be utilised, but currents of 
from 20 to 30 milliamperes can be obtained ; or in any case 
the equipment will be of sufficient capacity for cable testing and 
the like. 

Transformer Capacity.—A further economy can be effected 
in the terminal voltage required, by using a hexaphase 
system where the rectified voltage equals the peak value of the 
supply voltage (page 26). On the other hand, however, if a 



rm/^ nriri 


Fig, 238.—Simple hezaphose eystem. 


straight hexaphase system is employed as shown in Eig. 238, a 
loss of overall efficiency will result from the uneconomical utilisa¬ 
tion of the secondary windings, and as has been demonstrated 
on page 228, the transformer secondary and pnmary capacity 
must be calculated from the equations 


Ps 

p. 


(Em + 

TT_5 

sin — 

^ m 

P 

nj cos <p* 
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where Em and Im are the rectified voltage and current re¬ 
spectively, e-y is the drop in the tube, m is the number of phases, 
Ps 'is the output, and equals EmIm, v is the transformer 
efficiency, and cos (j) is the power factor of the system. 

By using two three-phase transformers, so connected 
electrically that their secondaries lead one another by 60 degrees, 
as shown on page 223, the utilisation factor of the secondaries is 
greatly improved. 

As an example of the effect of this apparent paradox, in a 
hexaphase system, the rating of the secondaries must be 70 per 
cent, greater than the rectified power; and if the rectified voltage 
is 26,000 volts, the peak supply voltage will be 26,000 volts, and 
the effective voltage of supply, i.e. the voltage from an outer 
terminal of the transformer to the neutral point, would be only 
17,600 volts, whereas in a biphase arrangement this figure would 
be increased to 28,000 volts. 

Thus although the current rating of the transformer 
secondary is high, the voltage rating is less, and it may happen 
that the extra cost of the increased copper is more than counter¬ 
balanced by the saving in insulation; while at the same time a 
smoother wave form is obtained. 

Hexaphase Rectifier System.—As an example of the type 
of installation possible using thermionic rectifiers, a description 
is given of the plant recently installed at the Research La¬ 
boratories of the General Electric Company, Wembley. This 
equipment must only be considered as an experimental plant 
for special purposes, but as it is probably the first of its kind in 
this country, it is worthy of description. The requirements were, 
a hexaphase supply, i.e. a reasonably uniform direct current 
wave form, without the aid of a filter circuit, and capable of 
supplying a load of 6 amperes at 30,000 volts. 

It was also to be possible to split this system into three 
separate oircmts with independent control of each biphase 
current at the same voltage. The voltage control was to be 
uniformly graded, so that an induction regulator was required; 
and furthermore complete protection was a necessary condition, 
as the equipment would be operated by unskilled labour. The 
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were to be led into cages, where experimental work 
would be in progress, and entrance to these cages was also to 
be protected. 

A distinction would appear to be essential in installations 
of this nature, between the protection of apparatus and that 
afforded to manual operators. The second is, of course, man¬ 
datory, and the first optional, depending chiefly as it does, on 
its relative cost, and the ease and cost of replacement in case of 
breakdown. A study of the diagram of connections reproduced 
in Fig-. 239 will show that as complete protection as possible has 
been provided under both counts. 

The main rectifier frame is designed for three banks each 
consisting of six water-cooled rectifiers, large type (Fig. 224), 
i.e. in all eighteen, which allows a bigger load output than that 
for which the installation is designed. 

The various main conditions of supply are six in number:— 

(i) Hexaphase 30,000 volts 5 amperes. 

(ii) Hexaphase 16,000 volts 10 amperes. 

(iii) Separated working 30,000 volts 5 amperes on each 

phase. 

(iv) Separated working 15,000 volts 10 amperes on each 

phase. 

(v) Separated working 30,000 volts 6 amperes on one phase, 

and 15,000 volts 10 amperes on the other two phases. 

(vi) Separated working 30,000 volts 6 amperes on two 

phases, and 15,000 volts 10 amperes on one phase. 

The method by which the various voltages and currents 
are obtained is generally by cross connection of the main trans¬ 
formers Tj, Ta, and and the switches jSi and Sj. The changes 
on the transformer tappings are made by special links; and the 
switches and Sa, the function of which will be explained later, 
are held in one position or the other by crutches of a special 
design, without the use of which, contact cannot be made. 
Correlation of these links vsdth the protective gear is made by 
means of a special box, containing six compartments, so arranged 
that only one compartment can be opened at op^-and*^ the-same 
time, and each compartment refers to one'cLth.^ shs'chnSitrc^s 
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of working above mentioned. Each compartment contains 
its links, the use of all of which each in its correct position 
must be ensured before the main contactor will close. Finally, 
every link in a closed compartment must be present, otherwise 
the push button circuit of the main three-phase contactor 
cannot be made. 

The load has been shown on the diagram to be three valves 
representing one of the four conditions of separated working ; 
and it will be apparent that when operating under hexaphase 
conditions, valves 2 and 3 must be removed to make room for 
the use of the one position, viz. phase 1 , which is the only hexa¬ 
phase position. Thus switches Si and transfer the contacts 
on the entrance gate, and on the valve filaments Fg and Fg to 
the one phase 1 only, and the protection on the other two phases 
is relaxed. 

At the same time the grids of valves 1, 2, and 3 can be 
supplied either with a small negative potential from 400 watt 
4000 volt transformers T^, T^, and or with positive or nega¬ 
tive direct current from a 1000 volt 10 kilowatt motor generator 
set MG, the change being accomplished by switch S^. This 
motor generator set, which consists of two 500 volt machines 
connected either in series or parallel, can, by manipulating 
switch Si, be earthed on either the positive or negative side. 

The induction regulator IB is operated by the small direct 
current motor M, controlled by a push button Pj, the speed of 
which, and thus the rate of rise of voltage of the main E.H.T. 
transformer, is adjusted by the field rheostat By. This regu¬ 
lator can be inserted in any or all of the main transformer circuits 
by means of the switches Sg, S 7 , and Sg, a link being combined 
with these switches, ensuring that they are all in one and the 
same position when working under hexaphase conditions. The 
same precaution applies to the tapping switches S^, Siq, and Sn, 
controlling the steps of voltage on the main three-phase trans¬ 
former T-j. 

The main control is by means of the contactor Oi with its 
push buttons Pg and Pg (“ on ” and “off”). The individual 
control of each phase is by contactors dg, and G^ with their 



Fig, 240 a .—Hoxaphose reoMfler insiallabion at the Researoli Laboratories of 
the General Bleotrio Oo., Wembley. Front view, showing filament, 
controls, etc. 

[To face page 842. 











Fig. 240 b. —^Hexaphase rectifier insDallation at the Besearch Xjaboratories of the General Flectnc Co., 
showing mounting of rectifiers and coiled pipes for voltage redaction of cooling water. 

[To face page 343. 
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push buttons P 4 , Pg, and Pg, and here again under hexaphaae 
working, switch Si transfers the operation of contactors O 3 and 
C /4 to push button G^. In these contactors it will be noted that 
resistances are included, so that the momentary rush of current 
on switching in the circuit is controlled. 

One special feature of the system is the provision of the spark 
gaps, and resistances shown at X (6 in number). These devices 
fulfil the dual purpose of protection for the operator and ap¬ 
paratus. They are mechanically operated by the door of entry 
into the danger area, and are so arranged that on the first at¬ 
tempt to open the door, the earthed switch arm makes contact 
with one of the spark gaps connected in series with a liquid re¬ 
sistance (page 136), and thus any E.H.T. will show its presence, 
as a series of short sharp discharges which will not damage the 
apparatus. The door has then to be slightly closed before it 
can be finally opened, when the whole system is solidly earthed. 

The water supply to the anodes of the rectifiers is from a 
cooling tank system, provided with a centrifugal pump, and 
with protective gear in the shape of water-mercury switches, 
which cut off the main current in case of a failure of the water 
system. The electrically charged water is passed in the case of 
each rectifier through a heavy rubber tube, wound spirally on a 
paxolin cylinder, the water from each pipe running finally back 
through an esirthed drain to the tanks. The reason for the tanka 
is that by using the water over again, the rectifiers run no 
danger of becoming furred. 

Photographs of the installation are reproduced in Fig. 240. 

Future Developments.—The above system represents a rela¬ 
tively high power, low voltage eqmpment; when an E.H.T. 
installation is required of the order of 120 kilowatts it will be 
found that the possible rectified power is greatly reduced, and that 
at the present time the higher the voltage the lower the power 
available. This is due to the fact that so far rectifiers have 
not been developed which will cope with large currents at high 
voltages. There is no fundamental reason why the difficulties 
of design should not be overcome, although, as has been seen in 
Chapter XII., limitations must be imposed in certain directions. 


344 ALTEENATING CUBRENT RECTIFICATION 


Also the higher the voltage the higher the efficiency, so that 
there is every incentive to the production of high voltage de¬ 
vices. Comparing the relative designs of a 30,000 Volt, liigli 
current, and a 120,000 volt, low current tube (see Figs. 224 and 
211 ) it will be noted that marked improvements havo heon iiiadti 
in the past two or three years, and it is not too much to expect 
that m a corresponding period in the future, the high voltage, 
high power tube will be available. 

Production of Direct Current Without the Aid of a Filter. 
—In Chapter XII a standard type of filter circuit has been 



Fig. 241.—-Triangular wave form. 


described, but it is possible, by means of an ingenious devices, 
described by IVTaxstadt, to eliminate such a coiujilication. 

This method depends for its success on the particular wave 



of ite snpi^r ®’^PPly cannot bo obtained, on account 

generator bas to be inserted into the system. 

The triangular wave form of Kg. 241 has been shown on 
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page 33 to consist of a fundamental and odd harmonics, accord¬ 
ing to the equation 

^ ^ - ga sin 3^ + ^ sm 6^ - . . . oo j-. 

If a three-phase generator can be so constructed as to pro¬ 
duce a current of a similar wave form in each phase, it will be 



found that whether the windings are connected in star or delta, 
the resulting current wave will have all the third harmonica or 
multiples of third harmonica, eliminated. 



Fig. 244.—Ooaneotion m a oicouit witli no filter. 

This point is exemplified in Fig. 242 where it is seen that 
the resulting generator voltage consists of a wave formation 
similar to that of Fig. 22. 
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The equation to this formation is 


i = 


6^31 


77 " 


sin ^ i sin 50 + ^ sin 10 

52 72 


00 


and if this supply is rectified by means of thermionic rectifiers, 
the resulting rectified wave form is unidirectional with practi¬ 
cally no pulsation, as is evidenced in Eig. 243. 



The arrangement of the rectifiers is indicated in Pig. 244. 

The chief difficulty in the device is in the design of a suitable 
generator to give the requisite wave form; but apparently this 
was overcome by correctly spacing the rotor conductors irregu- 
larly, and by specially shaping the pole pieces. 
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That the equipment functions satisfactorily is evidenced by 
the oscillograms reproduced in Fig. 245, where curve (a) is the 
voltage in one leg of the generator, (b) the generator terminal 
voltage, (c) the voltage impressed on the transformers, (d) the 
resultant rectified current on a non-inductive load, and (e) is the 
exciting current of the transformer, and shows the distortion to 
be expected. 

Although the ideally smooth curve was not obtained, the 
method is of such promise, and of such fundamental soundness 
as to warrant further experimentation. This is essentially the 
case when one considers the expense of high voltage condensers 
for filter circuits and the losses entailed. 
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CHAPTER XIV. 

GAS FILLED TUBBS. 

General.—In Chapter XIL on Thermionic Rectifiers it was 
stated that in the early days of manufacture where high voltage 
circuits were employed, erratic conditions obtained owing to the 
lack of a high state of evacuation in the bulb, and consequent 
conduction by means of ionisation by collision, resulting in the 
bombardment of the cathode by positively charged atoms in¬ 
stead of true thermionic emission. In certain forms of rectifier, 
however, the tube is deliberately filled with gas, and three of 
such types will be considered in this chapter. 

Neon Tube Regtipibb. 

Theory of Operation.—In this type of rectifier, which is of 
the low voltage type and is illustrated in Fig. 246, the electrodes 
consist of a metal cyhnder containing a coaxially-placed metal 
rod of small diameter. There is no hot cathode such as 'a 
filament which is heated by a separate supply, and the bulb is 
filled with a gas (in this case neon) to a small pressure of about 
•01 mm. of mercury. It is seen in Chapter VII. that the negative 
glow IS the chief contributor to the luminosity, and that as the 
pressure in the bulb decreases this glow increases in thickness 
after which if the pressure be further decreased it will gradually 
disappear. In the neon lamp and also in the rectifier the press¬ 
ure is reduced until the negative glow consists of a thin 
luminous layer on the cathode about | inch thick, and the bulb 
is then sealed off Neon is chosen to fill the bulb because the 





Pig. 240.—Single-phase neon rectifier. 

[To face page 360. 






A 


Fig. 248.—G.E.1 rectifier (G.E.O.). 

{To face page 861. 
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cathode fall is low for metals in this gas and hence the starting 
voltage, or voltage at which the glow first appears, is small. 

On the application of a voltage between the electrodes which 
is alternating in character, current will flow in each half 
cycle in opposite directions, and the cylinder and rod will 
alternately become anode and cathode. On account, however 
of the much greater area of the cylinder, the greater current 
will flow when it is the cathode, and hence a rectifying effect will 
be obtained, although it is to be noted that perfect rectification 
is not possible. The rectification ratio, as the ratio of the mean 
current in one direction to that in the other may be termed 
will thus be seen to be approximately the ratio of the rernective 
electrode areas. 

In all glow lamps of- this description the volt-ampere 
characteristics consist of a curve such that after the glow has 
started a very small increase m the voltage. 
implies a great decrease in resistance. A | 
stabilising resistance is therefore inserted in 
the circuit which has the effect of flattening 
the curvature and rendering the device in¬ 
herently stable. This entails a slightly less 
voltage between the outer terminals of the 
tube owing to the drop in this resistance, and 
the rectification ratio is thus slightly less than 
that of the respective areas. 

A commercial type of neon rectifier for use 
as a battery eliminator on wireless sets is described on page 476 
The neon unit is of the biphase type as shown in the sketch 
in Fig. 247. 

The metal box B is divided by a partition M, and through 
the base of the box the two anodes AA project insulated by two 
porcelain bushes PP, or in the later models by air alone. The 
three leads are then taken through the seal S to the rectifier cap 

The appearance of the rectifier is illustrated in Fig. 248. 

Current-Voltage Characteristics.—-The general current- 
voltage characteristic of a neon rectifier is given by the empirical 
relation 





247.-Skotch of 
Q.R. 1 reobifler. 
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e - e„ 


i = 


AM 


+ B 


(1) 


where e is the supply voltage, i the current in amperes (both 
instantaneous values), A the surface area of the cathode which 
IS assumed to be completely covered with the glow, M the slope 
of the characteristic per unit cathode area, B the series resist¬ 
ance, and eg the point at which the characteristic would cut tho 
axis, and which is here called the starting voltage. 

Thus the quantity A will have two values, viz. A^ when tho 
cylinder is the anode and which will give rise to the larger 
mean current value, and Ag when the rod is the anode. The 
values of these constants for a particular design of rectifier are 
as follows;— 


Bg = 160 to 170 volts. 

IjAiM = 180 to 160 for a supply voltage of 200 to 240 B.M.S. 
IfAsM = 1 X 10“ to 3 X 10“. 

B = 500 ohms. 



Fig, 249.—^Voltage wave in neon rectifier. 

If an alternating voltage E sin 6 be applied across the tube, 
a glow will not appear until the voltage eg is reached and the 
glow will disappear again when the voltage drops to e*g which is 
shghtly different in value from eg. No great discrepancy will 
be apparent in ordinary calculations if these two figures are 
taken to be identical. 

Fig. 249 represents the state of affairs, current flowing in 
the positive direction from a time equivalent to Og, till ir - Qa 

and a lesser negative current from tt + to 27 r - 6a where the 
angle 6a is given by 


6a = ain-^^. 

E 

Mean Value of Current.—The mean vaJue of the current 
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can be ascertained by emplojdng equation (i) for the current- 
voltage relation, from which 



190 200 SIO 220 230 2^ 250 260 270 

SUPPLY VOLTS (R.M.S) 

Fig. 260.—OurveB of S and 8. 


A similar expression can be obtained for the period tt to 27r 
when the smaller reverse current passes, and the mean value of 
this negative current is 



23 
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The net current (mean value) available for rectification pur¬ 


poses IS 


hi - I 


M 


[AiM 


+ B 


AsM + -^J 


1 


and values for 8 with varying E.M.S. supply voltages and 
differing values of eg are plotted in Eig. 250. 

Effective Value of Current.—The E.M.S. current is given 
by the general expression 



Fig. 251.—Ourvea of (p and jSp. 






. i sin 6 - eg)He, 


or when both the large and small loops are considered, 


^ 



As the second term in the square root is usually small, it 
may be neglected, and 
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where 


^2 /EV. (9a sin 2^a\ Eea gob da J. da\\ 

2ir )~ TT S^JJ- 


Values of s/2^ plotted in a similar fashion are given in Fig. 261. 
The form factor of the wave is thus 

-v/2/3 

B 

and is usually in the neighbourhood of 1’9, to 2’0 indicating a 
wave which has a pronounced crest (see page 28). 

Power.—The power taken by the rectified circuit cannot be 
assumed to be the product of the effective current and voltage, 
but it may be calculated by integrating the product 

^ ^ f sin d){E sin 0 - eg)d6, 

AjM 



Fig. 262.—Curves of and 2y, 


which results in the true power 


2<y 


ArM 


+ B 


neglecting terms containing ^ and where 


{?(*- 




a sin 2^a 
— + 

TT TT 




Eeg cos ^a1 
27r J 
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Values of 27 are plotted in Fig. 262, and it is curious that this 
equation for P may be written in the form 


= 670 + 160 Im 


for the above case where the load resistance is 500 ohms. 
Hence by inserting a moving iron and a moving coil ammeter 
in circuit the power can be calculated without the use of a 
voltmeter, and moreover the true power is measured by such 
means. 

Use on Battery Circuits.—If this device is used in con^ 
junction VTith any load which supplies a counter E.M.F. e it 
must be remembered that for eg must be substituted (eg + e) in 
the first half cycle and (eg - e) in the second. 

The following Table XXIX. has been calculated for a typical 
rectifier, and checks out with experimental results with reason¬ 
able accuracy:— 


TABLE XXIX. 



No OoTinter H,M.F. 

10 Cell Battery. 

25 Cell Battery. 

RM.B. Voltage, 

e = 0. ii = 0. 

e sa 20. R t= lO. 

e = 60. it = 10. 


Amperes {/jf). 

Amperes [I^). 

Amperes (/jf). 

200 

0-144 

0-103 

0-049 

210 

0-167 

0-126 

0-068 

220 

0-187 

0-149 

0-089 

2S0 

0-212 

0169 

0-111 

240 

0-286 

0-192 

0-132 

260 

0-268 

0-216 

0-158 


where IjAiM => 170, l/AsM = 10*, and eg = 160. 


Finally, the following curves in Fig. 253 indicate the wave 
form to be expected and show that the rectification factor is 
considerable. 

Starting Voltage.—^In the'above calculations it has been 
assumed that the current-voltage characteristic is linear or, in 
other words, that M is constant. In practice this is not the 
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case and the curvature of the characteristic must be taken into 
account if accurate results are required. In the neon lamp this 
error is not serious because the value of JR is usually large com¬ 
pared with IJAM; but if greater accuracy is required it is 
necessary to conduct a series of experiments with the actual 
tubes which will be used, as the gas pressure in the bulb has a 
large effect on the characteristics. Thus if any one tube is 
tested on a direct current circuit its starting voltage eg and the 
going-out voltage e'g will be obtainable, from which the value of 
da can be ascertained, and the value of If AM calculated. 


SUPPLY VOLTAGE 



Usually the difference between % and e'g is only about 10 
to 20 volts, but if it is desired to differentiate between the 
two voltages, the limits of the integrals will be corrected as 
follows:— 

I becoming I etc, 

J J ®a 

where da => 3m~^ ~ and dh = siu“^ 

One of the difficulties experienced with these rectifiers is the 
increase in the value of the starting voltage. Schulze has shown 
that it may attain the values given in Table XXX. 
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TABLE XXX. 


Time in Hours 

Starting Voltage. 

0 

192 

71 

206 

130 

260 

200 

380 

440 

S4S 

700 

343 




Fig. 264.—Voltage and current waves of a neon reotiflor. 

Numerical Example.—^It is instructive to carry out an 
harmonic analysis of the wave form, and in the following ex¬ 
ample numerical values for the constants are assumed to be 
h = 160 volts. 

IjAiM = 170. 

HAsM = 10 ^ 

E *= 220 volts. 

E =• 10 ohms. 

whence 6a, = sin ^ « 46 ■6“. 
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Fig. 254 shows the voltage and current waves across the load, 
and if the current wave is analysed by the method of Chapter IL, 
page 56, the following series is obtained:— 
i = 0-420 + 0-105 sin 0 - 0-0848 cos 2(9- 0 056 sin 3^ 

+ 0-042 cos 4^ + 0-013 sin 65 + 0-001 cos 65 
+ 0 007 sin 75 . . . 

The form factor is = 216. 



An actual oscillogram results in a wave form almost identi¬ 
cal with that of Fig. 264 where the current is led to a non- 
inductive load. The oscillogram is reproduced in Fig. 265. 
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Low Voltage Abo Tubes. 

Description.—This rectifier differs essentially from any yet 
considered; it consists of a glass bulb which is filled with an 
inert gas, usually argon, to a pressure of about 3 to 8 mm., and 
a filament F which is situated near a graphite anode A which 
is connected to one terminal B, the filament being supphed 
with current through an ordinary E.S. lampholder as shown in 

Fig. 266. 
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Theory of Operation.—In the case of a thermionic rectifier 
the production of a high vacuum ensures stability and con¬ 
sistency of results owing to the absence of ionisation by collision; 
but, on the other hand, a greater current may be earned for the 
same anode voltage if gas molecules are introduced into the bulb 
in sufficient quantities. The presence of positively charged 
atoms, which are the product of ionisation by collision, will 
partially neutralise the space charge, and reduce the requisite 
anode voltage for a given current. When the blue glow appears 
which evidences the presence of gas, rapid disintegration of the 
cathode or hot electrode always takes place. What has been 
said is subject to certain important qualifications and it is not 
at all possible to generalise on the effect of the presence of gas; 
for instance, oxygen, whether in the free state or in combination 



Fig. 266.—Single-phase rectifier bulb. 

with other gases has the effect of cutting down the emission of 
electrons from the cathode—on the other hand, argon in the 
pure state, and generally the inert gases, have the effect of 
curtailing the disintegration of the cathode, whilst the addition 
of some impurity may have the opposite effect. Manufacturing 
a rectifier to work in a bulb with a gas pressure of the order of 
1 to 10 mm. provides a problem difficult of solution, which in 
the shape of the Tungar rectifier was arrived at after many 
years of experimentation by the General Electric Ltd. of 
America, and a similar form the “ Bectigon,” which was evolved 
by the Westinghouse Co. of America, and the Philips, developed 
in Holland. 

Gas Pressure in the Bulb.—The bombardment of the 
cathode by the positively charged atoms may be of such in¬ 
tensity, and the atoms have such a momentum, as to dis- 
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integrate the cathode surface which suffers rapid erosion in 
consequence; but if the gas pressure is increased there comes 
a time when their velocity is impeded and their momenta at 
the time of impact with the cathode so far reduced as to render 
them innocuous so far as disintegration is concerned ; but here 
again care must be taken to choose exactly the correct gas 
pressure, because as the gas pressure is increased the number 
of molecules present is increased, and therefore although the 
velocity component of the momentum is reduced the mass 
component is increased. There is therefore an optimum point 
on the gas pressure curve where disintegration is a minimum 
and the anode current a maximum, and it is the aim of the 
designer of the rectifier to fill the bulbs to that pressure 



Fig. 267.—Anode and cathode m Fig. 268. — OonneoHons for 
rectifier. single-phase rectifier. 


Dr. Langmuir has experimented with various gases in such 
tubes and their effect on the electron emission from the filament, 
and he found that argon was the only gas amongst those tried, 
including hydrogen, water vapour, nitrogen, etc., where the 
emission was not reduced by the presence of gas molecules. 

Starting of Rectifier.—The rectifier is self-starting when 
the filament is heated by the passage of current, as free inter¬ 
change of electrons can take place between neighbouring atoms, 
some of which are attracted to the anode by the electric field. 
The low voltage arc, by which conduction takes plaoe, is thus 
formed. 
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Potential Gradient along the Filament_As this form of 

rectifier is one which supplies a relatively large current at a 
low anode voltage, it will be apparent (Fig. 257) that owing 
to the potential gradient along the filament from A to B due 
to its resistance, there will be a varying emission from the fila¬ 
ment to the graphite anode. Thus the filament will appear to be 
more brightly illuminated at A than at B, an effect which is 
mentioned on page 330 in the case of vacuum tubes. When 
the anode current exceeds a certain value (usually about one 
ampere) a vivid glow becomes apparent due to ionisation by 
collision (Chapter VII., page 164), and if the filament current is 
discontinued at this point the rectifier will continue to function 



correctly as the bombardment of the filament by the positive 
ions is of sufficient intensity to retain the filament at a high 
temperature. If the rectifier is required to be self-starting, 
however, the filament must be kept glowing. 

Transformers.—With the equipment is supplied an auto- 
transformer connected as shown in Fig. 268. The transformer 
has two tappings at two volt intervals to supply the filament 
current, and the mam supply is taken from one end of the 
transformer to the 26*6 volt tapping. The winding must be 
therefore carefully graded to carry the various currents con¬ 
tinuously. With this tapping the maximum rectified voltage 
VTill be x/2 X 26-6 = 37’7 volts. 
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Life of Bulb.—As regards the life of the bulbs, the manu¬ 
facturers claim that the expected life averages 1500 to 2000 
hours, but that in isolated cases rectifiers have lasted for from 
6000 to 7000 hours. 

Obviously the life will depend on a number of factors, and 
on manufacturing and working conditions. The upper limit 
of 2000 hours is a normal figure to expect and might with 
reason form the basis of an estimate. 

Current and Voltage Waves.—The general shape of the 
current and voltage waves obtained is shown in Fig. 259, where 
B represents the rectified current wave charging a 24 volt 

VOLTASE BETWEEN ANODE AND FILAMENT 



Fig. 260.—OBoillograms of reotifler 'with, no filament current. 

battery, and A the voltage wave across the rectifier terminals. 
During the first half cycle no current is flowing and the full 
voltage is obtained across the bulb; in the second half cycle 
there is a big drop owing to the resistance of the bulb. 

Similar oscillograms for a rectifier working with the fidament 
disconnected are given in Fig. 260. 

In Fig. 261 oscillograms are given of the arc voltage and 
current of one of the two anodes of the Philips’ rectifier, showing 
the drop of voltage due to the load current, and its sudden fall 
when the arc is struck. This characteristic of the rectifier 
renders its complete mathematical analysis difficult, as the 






364 ALTEBNATING CUEBENT BECTIEICATION 


striking voltage is not so definite a point of discontinnity as in 
the other forms of rectifier. 

One of these rectifiers (the Philips) is illustrated in Fig. 262, 
and consists of a bulb of the double anode type, thus providing 
biphase rectification, a transformer and a ballast resistance. 
The diagram of connections of the Philips’ rectifier is given in 


Arc voltage 



Fig. 261.—OsoiUograma of 1*8 ampere Philips’ reotifier. 


Fig. 263, and it will be seen that the resistance is placed at the 
neutral point of the transformer. This resistance forms one of 
the chief features of the rectifier, and consists of an iron wire in 
an atmosphere of hydrogen. Thus in Fig. 262, one of the 
bulbs is the rectifying element, and the other the resistance. 
The essential reason for the inclusion of this resistance is the 




Fig. 263.—^Diagram of oonneotioii of Philips’ reotifier. 


difference which exists between the ionisation voltage (16 volts) 
and the working voltage (6-7 volts), and its function is to 
stabilise the discharge under the two conditions. It also has 
the additional advantage of rendering the operation of the 
apparatus possible on wide variations of supply pressure and 
frequency. At the same time the characteristic curve of this 
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resistance, which is given in Eig. 264, shows that within 
certain limits, it will automatically regulate the rectified current 
to practically a constant value. 

Theoretical Analysis.—No direct method is given of obtain¬ 
ing the actual relationship of voltage to current but test curves 
of the voltage drop show that the rectifier acts approximately as 
a simple resistance between certain limits (page 366). Assum¬ 
ing that this is true and that an inductance is inserted in the 



VOLTS 

Fig. 264.—Oharaotenstios of iron wire resistance of Philips’ rectifier. 


rectified circuit, and further that the rectifier is only working 
between these limits, the equation connecting the various 
quantities is 

dih 

E sin 6 = ri + x-^ + . . (2) 


for the circuit illustrated in Eig. 265, where B' is the resistance 
of the tube. This equation can be written in the form 


d^ rot E . „ 

■jz + — = -BUI ^ 
ad X X 


rj =» r + E + J2'. 


where 


(3) 
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The solution of (3) is of the form 

-pt 

i => Ae ^ + -^r sin (^ - tj)), 
•"1 

where = (r + B + B' - jx) 


and 


tan (f) = ~. 
^2 


The terminal conditions of i = 0 when ^ = 0 give a value for 
A of 

^ ^ Bin (f), 

whence 


i = ^ " ‘/‘)} • • • (4) 


Esin 0 


REaiRER 


2*p-i; 


•F 


uvJ 
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V_ 

\ 

ea 
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Fia. 266 a and b —Keotifier with Induotance in oircuit. 


The angle of overlap da may he obtained by putting in the other 
terminal conditions 

i = 0 when 6 = tt + da, 
whence an equation for da may be obtained— 

-^(.r + ea) 

sin ^ . e ® = sin (^ - da) 

from which da may be calculated. 

The wave form expected is illustrated in Fig. 266 6. 

The actual effect of inductance on the wave form is indicated 
in Fig. 266 where (a) is a copy of an oscillogram of current and 
voltage on a non-inductive load with a biphase arrangement, 
and (6) a three-phase circuit on no load, and (c) a similar circuit 
on a non-inductive full load. 


GAS FILLED TUBES 


367 


Resistance of Tube.—The resistance of the rectifier does 
not, however, strictly obey Ohm’s Law, and in effect varies -with 
the load current. 

A/V\. 

a 




c 

Fig. 266 a, 6, and o .—Wave forms of current In reotifler. 


The resistance-current curve at different loads is shown in 
Fig. 267, and the approximate temperature of the filament is 
indicated by the stated colour of the filament. 
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-HeBistanoe load curves of a rectifier. 


The characteristic curves with the filament connected and 
also disconnected from the supply are illustrated in Fig. 268 in 
curves A and B respectively, and it will be seen that after a 
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certain limit the current may increase with a constant voltage 
drop across the tube. The case is thus analogous at this point 
to that of the mercury vapour rectifier, and equation (8) can be 
written in the form 

E am 6 = ri + + Hi + Ca 

and lE r + B = 



0 4 8 12 ' 16 20 24 . 28 

DC VOLTS 

Pig. 268.—^Voltage regulation of 7‘6-l6 volt tube. 


The solution of equation (6) is 

i = Ae ^ sin (6 - yjr)^ . . . (6) 

•C 

where = (r + B jx) and tan ilr = — 

^3 

and the terminal conditions may be arrived at as in the case of 
the previous example. 
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Polyphase Working’.—These rectifiers adapt themselves to 
biphase or polyphase systems in the same "way as other types 
of rectifier plants; and a biphase 
system will have a diagram of con¬ 
nections as shown in Fig. 269, oscillo¬ 
grams of which have been given in 
Figs. 266 a, 6 and c. 

If desired an impedance Z may 
be inserted to smooth the rectified 
current wave, and if this is done 
with the volt-ampere characteristic 
assumption above, the circuit may 
be fliualysed in exactly the same 
way as that for the mercury vapour 
rectifier (see Chapter VIII., page 203), 
with the reservation that the volt drop across the tube may 
comply either with equations (4) or (6) according to the 
loading. 



Fig. 270.—Tungarrootifler—double anode bulb. 


The biphase arrangement may be simplified by using one 
bulb containing two anodes such as is illustrated in Fig. 270, 
and the method of operation is identical with that depicted in 
Fig. 269 above. 

Ohajacteristic curves are given in Fig. 211a and h for the over¬ 
all performance on single or biphase working, where the ordin¬ 
ates represent the rectified load. As the voltage on the load side 

24 


230 VOLTS 



Pig. 269.—Tungar rectifier— 
biphase working. 




370 ALTEENATINa CUEEENT EECTIFICATION 

bears an approximately constant relation to the peak voltage of 
the auto-transformer, the value for this D.O. voltage may for 
all practical purposes be taken as between 37 and 38| the amount 
of the voltage drop varying from 7 to 15 volts. 

ISflloluiiuy. 
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0(1 
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70 
(Ml 
CO 
40 
30 
IMI 
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7001 


80 
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20 

0 4 8 It 16 M M U 

load amperes on moving coil meter 
271 a and 6.—Oharaoteristios of rectifier. 

Effect of Frequency.—To show the effect of frequency, 
curves are given in Fig. 272 which indicate the variation in 
output with supplies of 60 and 100 cycles. The difference is 
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not due so much to the rectifier as to the transformer, but it is 
seen that the balance is in favour of working with a low supply 
frequency where possible. 

Battery Charging.—It is interesting to note how the rectifier 
will behave when used on a circuit with a counter E.M.F. such 
as a battery charging load, where the number of cells used in 
series may bo varied from 5 to 8. In this case the impedance 
Z is assumed to be zero, as there is little necessity for any wave 
smoothing. The charging current will then be a simple sinu¬ 
soidal function, which commences when the supply voltage less 

CURVES lAMOH. CURVESJIIAI1DI7. CURVESYaMDVI. 

A.CtHPUTCUtWEt1T. ^OUTPUTCURRENT EFnClCMCY. 

Il 00 'v,ll 60 ~ M IOO~ .]? 60 ~ VtOOi^.YlSO^ 



Fia. 272.—Babtery charger, 

A.O. volbs 230. D.O. amperes 1-2. 

D.Q. volba 7'C-16. Oyoles 60 and 100. 

the voltage droxi in the bulb, exceeds the counter E.M.F. of the 
battery, 'Phus the angle of cut-off is given by 

sin 0a " 

aHsmuing that tlio volt drop in the tube is constant. Also 
Jij sin ^ - Co - fia - iE « 0, 

whore is the drop in the tube, Bq is the counter E.M.F. and 
li is the (jxtorual resistance. Write 

d » fla + ^0- 



372 ALTERNATING CURRENT RECTIFICATION 


Therefore 

and 

whence 


E ^in.6 - e 
B 

1 r^-^aE sin 6 - 
B 


lx 


27rB 


{2E COB 6a - Tre + 2e6a\ 


. (7) 


i 

3« 

i 


Now 6o = 2-2 n approximately if n is the number of cells, 
and E = 37'7 and ea = 11 volts. 

This curve, viz. equation (7), is 
plotted in Fig. 273, from which it will 
be seen that the maximum number 
of cells which can be charged is 8. 
The curve is plotted for a total ex¬ 
ternal resistance of 1 ohm. If this 
resistance is higher the current will 
be proportionately reduced, but equa¬ 
tion (7) shows that even if this is 
the case only the same number of 
cells can be charged. Normally this 
current of 30 amperes shown would 
not be permitted, the rheostat in¬ 
cluded being adjusted to suit the 
best charging current for the capa¬ 
city of the cells. 

The above figures are only to be used in the case of the low 
voltage rectifier. Another type making use of a different 
transformer ratio is available for higher voltages up to 76, in 
which case the figure of 37-7 should be substituted by 90 volts. 

Primary Current,—The input current to the rectifier is 
naturally unsymmetncal in form. This is indicated in the 
oscillograms reproduced m Fig. 27^ where curve A represents 
the transformer primary current on no-load and B with a 
battery on charge at O'26 amperes and 24 volts. 

Certain of these types of rectifier have been developed 
rapidly in the past few years, and are now manufactured in 


NUMBCn OF CELLS 


Fig. 273.—^Number of cells v. 
charging current. 
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such sizes as will enable comparatively large batteries to be 
charged elHcieiitly. At the same time the voltage has been 
increased so that accumulators up to IS cells can be charged in 
series entailing a voltage of at least 42 volts across the battery. 
A current capacity of about 12 amperes can also be obtained. 



B. >• OIS CHARGE. LOAD = 0-86 AMP5 AT 24 VOLTS. 

Pro. 274.—Current wave on primary of transformer. 

With convenient transformer connections, a three-phase 
rectifier can be constructed, and with middle tappings this can 
bo converted into a hoxaphase arrangement. 
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“S” Tubbs. 

Theory of Operation.—A new type of rectifier on the principle 
of the gas tube, and which does not make use of thermionic 
emission, as both electrodes are cold, has been developed by 
Messrs. Bush and Smith. 

This tube consists of a glass vessel filled to a pressure of 
about OT mm. of mercury with some inert gas; and between 
the electrodes of which in some oases a magnetic field exists. 

In a gas tube with no hot cathode, conduction takes place by 
ionisation by collision, but in order that an electron should ionise 
a neutral molecule it must be in a position to collide with one 
during its passage from the cathode to the anode. The chance 
of such a collision depends (i) on the number of molecules 



Fig. 275.—Large bulb with electrodes close together, 
present, or in other words on the pressure of the gas in the tube, 
and (ii) on the potential gradient between the electrodes, as the 
velocity of the electrons must be sufiBoient to produce ionisation 
(Chapter VII., page 164). If the electrodes are spaced a distance 
apart which is less than the mean free path (which represents 
the average distance through which an electron moves before 
coUision takes place) ionisation cannot take place and very poor 
conduction will result under normal conditions. 

This IS borne out by expenments on a bulb with electrodes 
1 mm. apart and filled with helium to a pressure of 2 mm. A 
voltage of 10,000 failed to pass a measurable current. When 
the electrodes were withdrawn to a spacing of 2 to 3 centi¬ 
metres, the tube broke down at about 300 volts. 

If the bulb is big compared with the size of the electrodes, 
as in Fig. 275, such that although ionisation by collision does 
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not taka placo botwoeu the plates, yet the path oE stray electrons 
near the odf^o of the electrodes follows the dotted line, a few mole- 
culfH will be ionised on account of the increased length of travel. 
If nf)w th(j si/e of the bulb is contracted until the electrodes just 
lit the interior, the stray electrons will not reach their objective 
but will stick to the sides of the glass which will accumulate a 
{'barge on the interior of the walls, and little conduction will 
ri'Hult. 

(Jonsider the effect of a transverse magnetic field as in 
h'ig. 271) on an electron which has a charge e and is travelling 


ANODE 



UacJ 


V’lti. 1170._POith of a.n alaetroii aubjoot to a magnotio and eleotric field. 


towar{ls the anode with a potential gradient X between the 
electrodes. I f m is tho electron ratio of charge to mass 

and ^ 

which shows that the curve of travel is a cycloid. 

Integrating the siuitind otpiation 

■. noij + 0 , 

whii'li willi llin li'niiiiml (iimilitimiH toHiiUs in 0 = 0, and 

- my 

anil ftliia liy tliii principln iit thii ConsorvnUon ol Energy 

- sXy, 

where t) is tho electron velocity. 
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Now if the electron is to pass the electrode towards which 
it is moving without touching it 

^ = V and y = Qi and E = Xct 
at 

or _ 

aJ- 
\ m 

Filling m the value for elm 

„ 3'35>s/F7 
a 

where FT is the critical field strength in gausses and a is the 
distance apart of the electrodes m centimetres and E is in volts. 

Therefore a condition that ionisation by collision may take 
place is that the electron shall just miss its objective and shall 
have its path extended so that a molecule may be encountered 
and so ionised. When this happens the positively charged 
molecule will return to the cathode and by bombardment, 
liberate other electrons which will find their way ultimately to 
the anode, and the condition of fulfilment of current passing is 
that of equation (8). 

Hence if such a tube is constructed and is surrounded by a 
magnetic field which is gradually increased in strength, a point 
will be reached, viz. that of the critical field strength, where free 
conduction will take place, and theoretically there is no current 
limit. In practice the limiting factor is the heating of the 
electrodes and the leading-in wires, but comparatively heavy 
currents can be rectified for short periods by this device. 

Eectification in practice is effected by an alternating field 
superposed on a unidirectional field and by adjusting the fields 
so that the resultant flux is correct for passing current during 
one half cycle, but not during the subsequent half cycle. 

Such a tube may be constructed from the above data and the 
strength of the field calculated. But as in so many similar 
instances it is impossible to analyse the current-voltage relation 
as in all cases where ionisation by collision is the modus operandi 
uncertain factors must enter into the calculations. 
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Size of Bulbs.—Tubes have been constructed on this 
principle which act as perfect rectifiers, and one such 17 8 cm. 
long permitted a current flow of 230 milliamperes continuously 
with a voltage drop of 160 to 200 volts. Several amperes may 
be passed through the tube for short periods. 

The characteristics vtiU depend largely on the variable 
parameters of the tube design; in the above example the 
voltage regulation is 10 per cent, from no-load to full load. 

By using suitably curved electrodes the combined alternat¬ 
ing and direct fields may be substituted by a permanent magnet. 
Inert gases are the best to use for filling the bulb and with 
helium and aluminium electrodes a voltage drop of 150 volts 
may be expected. 

Space Charge Control.—So far attention has been directed 
to control of conduction by an external magnetic field, but 
advances in design have been made by employing the space 
charge to effect a measure of control, tubes have been con¬ 
structed which will pass currents up to 120 milliamperes with 
a voltage drop of about 175 volts. Such tubes have no external 
control and appear to have long lives on high voltage circuits. 

This type of tube, which is illustrated in Eig. 277, would 
appear to be especially suited to small wireless transmitting 
sets, where unidirectional currents of the order of 100 milliam- 
peres at 800 or 900 volts are required from an A.G. supply. As 
has been stated above no external control or filament supply 
are necessary. 

The characteristics of these tubes are as follows:— 


Starting voltage. 
Maximum „ . 

Normal drop 
Internal resistance 
Normal reverse current 


300 volts A.G. 
1000 „ D.G. 

125 „ 

1260 ohms. 

3-6 milliamperes. 


Tho principle employed in the operation of these non-mag- 
netically controlled rectifiers is by no means simple, but is bound 
up with tho respective mass of electrons and positive ions. It 
must be remembered that in this class of tube, the electrodes ore 
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included in a bulb filled with some inert gas at a predetemoined 
pressure, and that when a potential difference is applied to the 
electrodes, the gas is ionised, and the electrons will travel much 
more rapidly in the one direction, than do the positive ions in the 
other. Thus there will be a preponderance of positive ions in 
the space between the electrodes. Due to the relative shape of the 

electrodes this cloud of positive 
ions is not removed at each half 
cycle, and rectification ensues. 

Thus when the hollow elec¬ 
trode is made negative the tube 
will pass current, and under these 
conditions the positive ions are 
falling on to the interior surface 
of the hollow cathode, where 
they liberate electrons, which in 
turn are projected to the anode, 
ionising neutral gas molecules 
thus again forming positive 
ions. The electrons originally 
present, together with those liber¬ 
ated, pass through the hole in 
the cathode, and reaching the 
anode complete the circuit for 
conduction in one direction. 
When the potential is reversed, 
however, positive ions will pass 
comparatively slowly through 
the hole, and will impinge on 
the solid cathode. When an 
ion reaches the hole it may fall on the cathode and release an 
electron which will fly back to the positive ion cloud, but the 
current flowing will be small and limited to the number actually 
arriving at the anode. 

By varying the method of connection the D.O. voltage may 
be increased by using transformers of a higher step-up ratio, 
and the characteristics under four various conditions are given 
in Eig. 278. 
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It should be noted that when “S” tubes are operated in 
parallel, balancing resistances of at least 600 ohms are required 
to equalise the load in each tube. 

In Fig. 278 a, b, and c, a condenser is required across 
the load, of 0*6 microfarad capacity, but in Fig. 278 d, the 
capacity of the condensers in the bridge circuit, affects the load 
characteristics considerably, and the figures on the curves are 
indicated by the following circuit conditions :— 


Curve 

M 

}> 

n 

M 


I 

II 

in 

IV 

V 


II 


VI 


II 


VII 


Condensers each 4 microfarads. 

• ,, I microfarad. 

0‘5 microfarad added across the load in II. 

Voltage on no-load. 

Voltage on 100 milliampere load, and condensers 
each 4 microfarads. 

Voltage on 100 milliampere load, and condensers 
each 1 microfarad. 

Voltage on 100 milliampere load, condensers each 
1 microfarad, and microfarad across the load. 


It will be apparent from what has been said of the develop¬ 
ment of these tubes, that it is easy to damage them by 
overload, and it is highly important that they should be treated 
carefully. 

Some points of note are ;— 

(i) A resistance should always be inserted for one or two 
minutes before switching on the full load, to warm up the 
rectifier. 

(ii) U’he rectifier is not a “current limiter” in the same 
sense as a thermionic rectifier has a saturation value, and if the 
applied voltage is increased the load current Tvill also mcrease, 
and will be deterrninod solely by the internal resistance of the 
tube, and the load resistance. Thus if the normal voltage is 
exceeded the tube may bo destroyed. 

(iii) Thti load should never be removed suddenly, as damage 
may result from too high a voltage being applied across the tube 
as well as too high a load current. If the transformer has a 
good voltage regulation this trouble will not be experienced. 
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278 a and 6.—OharaoteriatioB of “ S 
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CHAPTBB XV. 

POINT TO PLATK DISOIIAllGE, VIBRATING FLAME, CORONA AND 

i‘iioto.elec:tiiio cell rectifiers, and natt. effect. 

General Description.—^In this chapter three devices for recti¬ 
fying hif'h voltaj^cfl arc described; they are unsuitable as 
at present constructed for large currents, but are simple to 
nianufacturti and might bo of use for small powers and where 
apparatus of little cost is required. The disadvantages of these 
rectifiers is that they are liable to cause or to emphasise the 
effect of surges, and should therefore be employed with discretion 
whore transformers, which may be liable to break down from 
waves with stoop wave fronts, supply the E.H.T. voltage. 

It is unfortunate that they are not more commonly employed, 
as especially in the case of the Corona rectifier no external 
supply i« needed beyond that of the transformer. In the other 
two types Yt‘ry little extra apparatus is required, aud all that is 
ni'cessary can be manufactured in a laboratory workshop. But 
in the cast! of the Point to Plato rectifier a compressed air 
Htipply is also an essential constituent part and is not always 
available, 

T’he fourth devieo—the Photo-electric Cell—is entirely 
different in its characteristics. This cell is only of value for 
the rectification of minute currents at relatively low voltages, 
and only has a practical application in wireless circuits and 
small curnmt measurements, but so far has not been extensively 
employed for tlumo purposes. It is therefore described in this 
chapter in the twent of some special requirement rendering a 
description useful, rather than for any commercial utility it 
may poBsess. 
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Point to Plate Discharge Rectifier. 

Construction of Apparatus.—^It has been knov^n for some 
time that an ordinary point to plate discharge has rectifying 
properties under certain conditions. Walcott and Erickson 
describe such an arrangement where a needle point and plate 
with a strong current of air blowing on to them are connected 
to an alternating current supply as shown in Eig. 279. Com¬ 
pressed air is delivered to the tube B through the nozzle E 
and passes through the tube parallel to the needle and finally 
impinges on to the plate. The actual position of the needle 
appears to be immaterial, but if it is situated inside tho tube, 
the tube itself must consist of some insulating material, or be 
internally lined with such. 


lAIR INLET 



Fig. 279.—Point to plate discharge rectifier. 


In one particular instance the diameter of the plate was 
4 inches, and the aperture at 0, 0157 inch. The diameter of the 
electrode from which the needle was made was 0'0626 inch., and 
the dimension d, viz. the distance of the point from the plate, 
0*68 inch. A condenser C consisting of eleven plates 8 feet by 
3 feet, and spaced 8 inches apart ( = 0*00096 microfarad) was 
connected across the load L. The transformer was wound for 
a secondary pressure of 40,000 volts at 60 cycles per second. 

Wave Form.—Fig. 280 indicates that with no air blast no 
rectification ensues, and the ordinary type of A.O. spark dis¬ 
charge takes place. When air issues from the tube with a 
sufiScient velocity, the current wave is rectified as shown in 
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Pig. 281, the condenser being disconnected 
oscillograms were taken. 


at the time the 


In this case the rectified current obtained was 12-3 niiUi- 
araperes at 14'5 K.V.; a heavier current is obtained by usinj 
he condenser, but the wave form is more peaky in character 
(page 418). 104 milliamperes at 15-2 K.V. are dehvered to the 
load under these circumstances. 



Fra. 280.~Wavo form with no air blast—point to plate rectifier. 


Transformer Surges.—In rectifiers of this type where a 
dolinite spark discharge is the medium by which the current 
passes it is important that the transformer should be designed 
so as to reduce the possibility of a breakdown to a minimum, as 
a surge is almost sure to occur to a greater or less extent depend¬ 
ing on the circuit constants. 

Thus a surge, which consists usually of a wave with a steep 
front, will result in a big potential gradient between successive 
turns of the secondary winding, but on account of its high 
frequency it will probably not peuetrate more than a few turns, 
and it is advisable to strengthen the insulation of these turns. 



Fia. 2fll.—Wave form wifcli aiv blast. 


On the other hand, by so doing the capacity between the layers 
of the secondary will bo affected, and as surges occasionally 
travel via this capacity, consisting as they do of a train of high 
frequency waves, it is essential to grade the capacity accordingly. 
'I’Uo only safe method when surges are deliberately introduced 
into the circuit is to provide a suitable discharge in the shape 
of a definite load directly across the secondary terminals. The 

25 
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glycerine-copper sulphate resistance described on page 130 is 
well adapted for this purpose. It may necessitate a larger 
transformer but will most probably result in the saving of 
expense later. 

Effect of Pressure.—Cohen has conducted some experi¬ 
ments on point to plate discharges, but in his apparatus the 
chamber in which the electrodes of aluminium and copper were 
situated was filled with various gases and kept up to a constant 
pressure, which in certain cases rose to a value of 200 pounds 
per square inch. 



0 K) 20 30 4) so 60 70 80 90 KK) 110 120 130 140 150 KO 170 ISO 190 200 
PRESSURE IN LBS PER SQ.IN. 


CURVE I . CARBON DlOXIDE. CURVE HI, SULPHUR DIOXIDE, 

>• H. AMMONIA, »♦ ly . air 


ffiG. 282.—Point to plate ceotiflor—effiolency. 


The supply was from a transformer giving a secondary 
voltage of 20,000 RM.S. and the curve below in Fig. 282 
indicates the efficiency of rectification, although no data is 
available as to the actual amount of power rectified. 

Uses of Method.—As so few types of rectifier plant exist 
which can be made at a low cost and which will satisfactorily 
cope with high voltage supplies, it is unfortunate that the data 
are so meagre in a method which promises so well; and as there 
is a wide field for experimentation it is to be anticipated that 
some design will ere long be evolved which will enable rectifiers 
to be constructed for high voltages and large powers. There 
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appears to be no fundamental reason why currents of the order <. 
* of OT ampere at voltages of 100 K.V. should not be capable of 
treatment by these means. 

The mathematical analysis has not been attempted as the 
number of variables on which the characteristics depend, such 
as atmospheric pressure, temperature, humidity, etc., are outside 
the control of the operator. 
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ViBBATINa Ebamb Ebgtipibe. 

It has been mentioned in Chapter VII. (page 167) that flames 
are capable of emitting free electrons and hence if two elec¬ 
trodes are placed a distance apart, so adjusted as to preclude the 
passage of a spark, and a flame is then allowed to approach the 
electrodes, ionisation by collision will ensue, and an electron 
stream will flow from the cathode to the anode. This, however, 
will not take place until the potential gradient reaches a pre- 
detennined value, and thus a point of cut-off will be apparent 
on the alternating current wave below which conduction will 
not take place. 

Incomplete rectification can take place in properly designed 
apparatus, and J. J. Dowling and J, T. Harris have constructed 
a simple mechanism which is illustrated in Fig. 283. A flame 
from an ordinary gas supply is caused to oscillate with one- 
half synchronous frequency between the electrodes, and a 
supply of electrons is thereby available during one half cycle, 
when the voltage is of the right polarity. 

The rectifier contains a Koenig’s manometric capsule M, 
attached to the diaphragm of which is a soft iron armature P. 



388 ALTEENATING CUEEENT RECTIFICATION 


An electromagnet N supplied from the main A.C. supply 
attracts this armature. 4 

It is important to note that if rectification is to ensue the 
flame must only vibrate once every cycle, and hence it is 
necessary to polarise the electromagnet, as otherwise the vi¬ 
bration would occur every half cycle. A steady direct current 
is therefore passed round the coils in addition to the A.C. 
supply current, and this is controlled by the rheostat R. 

It has been found necessary to select a jet so that the height 
of the flame will be from 8 to 10 centimetres; whilst the gas 



Pig. 283.—Vibrating flamo rootifior. 


supply tube should be lightly plugged with cotton wool to 
[ ensure a steady flow of gas. With a capsule 2 cubic centimetres 
in volume and a jet tube of 1 cubic centimetre, making 3 cubic 
centimetres capacity in all, the flame oscillates between heights 
of 1 and 10 centimetres, and the flame height when the magnet 
is disconnected is 9 centimetres. 

When 6000 volts R.M.S. is applied to the spark gap EE 
which consists of two carbon rods, the reading on the moving 
iron milliammeter is 20 milliamperes, showing that the rectified 
power amounts to about 40 watts. 

No oscillogram is available as to the wave form obtained. 
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Corona Ebgtipiee. 

Ooronoi is Si ph6]3.oi]Q6iioii iQ.£Liiif6Bt6d wliBn Sill slfictrods in 
the form of a fine wire is subjected to a high potential above 
its surroundings. If the voltage is increased it is the fore¬ 
runner of a breakdown of the gap; but if the voltage is not 
increased it may persist indefinitely as a glow discharge in the 
form of cylindrical luminous tufts surrounding the wire. 

In Chapter VIL (page 166) the cause of the phenomenon is ex¬ 
plained and is shovra to be due to a state of ionisation by collision 
which is taking place at a critical voltage, where the potential 
gradient at the surface of the electrode is sufficient to cause 
ionisation of the molecules in the immediate vicinity of the 
electrodes, but not sufficient to cause complete ionisation for 
the whole length of the gap. 

The use of corona for effecting high voltage rectification 
may appear to be an abnormal method aind one unlikely to lead 
to any useful results; nevertheless the efficiency of such a 
method is extraordinarily high, although, as might be expected, 
the rectified currents are not usually large enough to be of 
much commercial value. 

Very little work has been done on the subject, but Davis has 
carried out some interesting experiments on this particular 
phase of high voltage dielectric phenomena. 

It will bo expected that as the voltage at which corona 
appears depends on the potential gradient, it will largely be 
affected by the radius of the electrode. Further, that as 
ionisation by collision entails a passage of current, a loss of 
energy will ensue, unless the electrode'' is of sufficient dimensions. 
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This loss of energy is the medium by which the rectified current 
flows, but it should be restricted to the rectifier chamber. 
F. W. Peek has demonstrated the effect of the diameter of the 
wire electrode and has evolved the following empirical forniulw 
connecting the variables concerned:— 

E ==■ E^p + Gfjp 



where E is the critical intensity or intensity of the elocti’ic field 
at the conductor surface, p is the pressure in percentage of 
atmospheric pressure, r is the radius of the wire, and E^, h, and 
G are constants, which amongst other things depend on the 
surrounding dielectric. 

Corona between a positive conductor and a negative shell 
is termed positive corona, and conversely; it is apparent from 
investigation of the oscillographic records that large currents 
may be obtained from a negative wire at voltages which will 
give little or no current with a positive wire. Thus if the wire 
is made the cathode the cylindrical shell will become the anode 
and rectification will ensue. This type of rectifier is somewhat 
analogous to the neon tube and perfect rectification cannot 
therefore be expected. 

Particulars are given of the currents in hydrogen which are 
the results of experiments by Davis and Breese, and from 
which it wiU be seen that a considerable current discharge is 
obtained. 


TABLE XXXI. 


Diameter of Wire, 
mm. 

Diameter of Shell, 
cm. 

Goa Pressure, 
mm. 

B.M.S. 

Volta. 

n.M.s. 

Amperea. 

200 

200 

4-16 

2S8 

434*6 

8640 

0*0162 

0*0182 


With an improved design of apparatus rectified currents can 
be obtained of the order of 0T2 ampere with alternating 
voltages of about 8000. 
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Dielectric phenomena. 
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Photo-electric Cells. 

Photoelectric cells are made with a glass envelope evacuated 
to a high degree, the inside surface of which is coated with some 
electro-positive metal. A convenient, but not entirely correct 
picture of the action may be envisaged by considering the 
electrons, which are not closely united to their positive nucleii 



Fig. 284.—Photo-eleotrio cell. 


in electro-positive metals, are set into a condition of such violent 
oscillation by the light waves that they are completely with¬ 
drawn from the metallic him, and are attracted to the internal 
electrode. 

The usual method of constructing photo-electric cells consists 
of coating the inside of a glass bulb about 4 centimetres in 
diameter and roughly spherical in shape with a layer of pure 
potassium, which forms one electrode, as shown in Pig. 284 
The other electrode takes the form of a metal ring rigidly 
susponded about the centre of the bulb. When light falls 
on a small window in the cell, a current will flow due to the 
photo-electric effect, and if the electrodes are connected to a 
galvanometer a deflection of the needle will be observed. 
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Ab regards the rectifying properties of the coll: if the 
electrodes are connected to a source of alternating current, 
when the potassium electrode is negative and light falls on the 
aperture, electrons are released by photo-electric effect, and 
are projected by the influence of the electric field to the ring 
electrode. If, however, the field changes its direction no oloc- 
trona can be released when the voltage between the electrodes 
exceeds that of the photo-electric effect. 

The characteristics of the current flowing are largely de¬ 
pendent on whether or not gas is present in the bulb. In 
Fig. 286 two typical curves are illustrated:— 

I—the bulb is highly evacuated and the volt drop becomes 
constant after a certain current is exceeded; 



Pig. 286.—Ourrent-voltage oharaoteriatios of photo-olootrio ooll. 


n--the current increases owing to ionisation by collision as 
gas 18 present in the bulb. 

The volt-ampere characteristic of a gas bulb (i.c. curve 11) 
IS a (^mpheated function containing two exponential terms 
and the equation connecting the circuit constants where an 
inductance IS present is ^ 


■ -rj , 


where f(i) is of the form 


JS? sin ^ -h /('i) 


( 1 ) 


a - 
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and where a and ^ are the numbers of ions produced by collision 
by a negative and positive ion respectively when moving through 
1 centimetre of gas, and I is the distance between the electrodes. 
Equation (1) is incapable of solution unless some simplification 
is possible, by taking a particular case and evolving an expression 
for f(i). 

In the case of an evacuated bulb, the volt drop is constant 
above a certain value and the equations used in the mercury 
vapour rectifier analysis will apply with some sHght modification. 

The value of the current depends on the amount of light 
falling on the window, but in a particular case where the voltage 
applied was about 600 maximum, the rectified current (maxi¬ 
mum value) was found to be 0'005 ampere. Even this current 
is high and as a general rule it can only be measured in micro¬ 
amperes. The application of such a device is strictly limited 
and so far little use has been made of it as a rectifier. 


BIBLIOGEAPHY. 

Townsend, “Ionisation by Collision.” 


Soienoo Abstracts. 

AntUor. 

Periodical. 

Beference 

A 1913 1060 

Anderson 

Phys. Eev. 

V. 1, II., p. 222. 


Kemp 

Phys. Rev. 

1913, I., p. 274. 


Campbell 

Pbil. Mag. 

1927, pp. 946, 1041 


HaTi L EFFIOT. 

It has been noticed that when a metal plate preferably of 
bismuth is rotated in a magnetic field, the flux passing through 
the plate, and when current is passed along its length, a poten¬ 
tial difference is obtained across the plate. Further, if the 
flux and the current are alternating in character, and moreover 
are in phase, the voltage is pulsating, and if an alternating 
voltage is applied across the plate, a rectified voltage results. 

Only very small currents have so far been obtained, but the 
method is an interesting one, and worthy of development. 

The actual experiments were made with a sheet of bismuth 
20 millimetres square and 3*6 millimetres thick; placed in a 
solenoid, a current of 0’3 x 10 amps, was obtained. 
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PART ly. 

LIQUID CONDUCTION. 

CHAPTER XVI. 

OONDUOTION OF BLBOTJEIIOITY THROUGH LIQUIDS. 

Behaviour of Electrolytes on the Passage of Current.— 

Two fundamental facts in connection with electric conduction in 
liquids are (i) that electrolytes behave in a similar fashion to 
metals in so far as their obedience to Ohm’s Law is concerned, 
this general statement being subject to certain conditions which 
will be elaborated later, and (ii) that electrolytic is different 
from metallic conduction in that, in the former case a displace¬ 
ment of matter accompanies the passage of current, whereas in 
the latter case the conductor is undisturbed in this sense. 

Partial dissociation of the molecule of the electrolyte already 
exists in the solution, and the passage of current results in a 
gradual movement of one component of the molecule, or ion to 
the anode, and the other component to the cathode. Thus if 
two copper electrodes are immersed in a solution of copper 
sulphate, the net effect of a current will be the transference of 
metallic copper from the anode to the cathode. This is the 
result of a migration of the copper ions of the copper sulphate 
molecule from the anode to the cathode, and of the SO* ions 
in the reverse direction. As an equal number of copper ions 
are withdrawn from the anode to those deposited on the 
cathode, the number of SO.^ ions in the electrolyte remains the 
same, and the concentration and nature of the solution does not 
change. 

If the copper electrodes are replaced by electrodes of 
platinum a similar state of affairs exists with the exception that 
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a copper ion cannot now be extracted from the anode, and the 
SOi ion therefore attaches itself to the nearest ion in the 
vicinity for which it has the greatest afiflnity (in this case the 
hydrogen ion, making up the molecule of the water of solution) 
is taken and forms with the SO^ ion a molecule of sulphuric 
acid. Atoms of oxygen will be set at liberty by this change, 
and will appear as bubbles of gas at the surface of the electrode, 
whereas copper will be deposited on the other platinum, 
electrode. The net effect will therefore be a gradual migration 
of the copper ions from the solution to the platinum electrode, 
the liberation of oxygen from the electrolyte, and its conversion 
from copper sulphate to sulphuric acid. 

Each case of electrolytic conduction therefore depends on 
the chemical affinity of the various constituents, and the result 
can only be determined when these facts are known. 

Faraday’s Law.—These phenomena were observed in the 
early nineteenth century by Paraday who after years of 
classical research on the subject enumerated two laws which 
assert:— 

(i) That the amount of electro-chemical decomposition is a 
precise measure of the quantity of electricity flowing, and (ii) 
that the mass of a substance liberated is proportional to its 
chemical equivalent. 

These two laws (the second of which in effect follows from 
the first) may be s umm ed up in the following equation which 
is of fundamental importance:— 

w = let 

where w equals the weight of substance liberated in grammes, 

I is the current flowing in amperes, t is the time in seconds, 
and « is a constant called the electro-chemical equivalent. 

It is usual to calculate the value of w for the case of silver, 
and ascertain the value of by a ratio of atomic weights and 
valencies according to the equations— 

Chemical Equivalent x Electro-chemical Equivalent 

and Chemical Equivalent = -Atomic Weight 

Valency of the Element* 
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In the case of silver 

z == 0’0011X83 gramme per ai 
and h = 0’905 x 10® for all elements, 
and from these formuloo the weight of any material deposited 
or gas liberated can be calculated, if the atomic weights and 
valencies are known. 

Polarisation E.M.F.—There are, however, certain limita¬ 
tions to this general theory, which can best be explained by 
means of an example. Consider the case of two platinum 
electrodes immersed in acidulated water and connected to a 
source of direct current, the voltage of which can be varied at 
will. Arrange the controlling resistance or potentiometer in 
such a way that the voltage between the electrodes is kept at a 
constant value, less than 1-7 volts ; if observations are made of 
the current which flows through the electrolyte it will be noted, 
in the first place, that there is no visible and violent chemical 
decomposition such as would be expected, although small gas 
bubbles are noticed clustering around the electrodes; and, in 
the second place, that the current quickly decreases to a value 
which is a small proportion of the initial current. If the supply 
is disconnected at this point and the electrodes are connected 
to a galvanometer a minute reverse current is apparent and the 
gas Wbbles gradually disappear, thus indicating that these 
bubbles function as a gas battery which has a very limited 
capacity. Increase the voltage to a value greater than 1'7 
and it is observed that chemical decomposition at once com¬ 
mences, and further that the current no longer diminishes 
after a few seconds, and that a much larger current is permitted 
to pass. If the supply voltage is now disconnected a reverse 
current will still be observed to flow for a short period. Thus 
the voltage of 1*7 determines a critical point in the electrolytic 
conduction, and it is important to note the reason for this dis¬ 
continuity in the current-voltage characteristic. 

The fact of a reversal of current taking place on the cessation 
of the supply must necessitate the existence of a counter 
E.IMF. which can only have its seat at the surface of the 
electrodes. This is called the counter E.M.F. of Polarisation 




400 ALTEENATINa CUREENT RECTIFICATION 


and has been found to be due to the deposition of small 
quantities of the elements of the electrolyte and the electrodes 
on the surface of the electrodes; and thus a local battery action 
is set up which acts in such a way as to attempt to prevent the 
passage of current, until the supply voltage exceeds its own 
voltage of 1 7. As these small batteries are caused by the 
passage of current they will grow in number as the current 
continues, and the resistance of the cell will therefore increase 
to such a point that the main current almost ceases. An in¬ 
crease in the supply voltage will result in an increased current 
but only the excess of voltage above the figure of 1‘7 is avail¬ 
able to force the current through the cell. 

This effect of polarisation is the seat of many troubles in 
the history of the primary battery: it is well known that in 
many forms of Lechlanche or Dry battery a continuously high 
discharge current cannot be maintained, that the current falls 
away more or less rapidly, and that a period of recuperation is 
needed before the cell can be expected to return to its former 
state. Apart from the back E.M.F. this reduction of output 
may be sometimes explained by a fall in the hydrogen ion con¬ 
centration near the block of the cell, which is slowly corrected 
by diffusion. After a period of rest the bubbles are absorbed 
and the cell will function again in a normal fashion. Thus 
many improvements in the construction of primary batteries 
centre round the provision of a more perfect depolariser. 

Resistance of Electrolyte.—It is now possible to enlarge 
on the statement made on page 397 that electrolytes behave 
in such a manner that they obey Ohm’s Law, or in other 
words that the current flowing is independent of the resistance 
of the electrolyte. This has been the basis of much experi¬ 
mental work, but eventually Kohlrausch found that this law is 
substantially true if the excess voltage of the supply over the 
E.M.F. of polansation is considered. It is possible therefore 
to write. 



where e is the counter E.M.F., E is the supply voltage, I is the 
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current and li is the resistance of the cell. It must not be 
assumed that B is absolutely constant as the electrolytic re¬ 
sistance may vary owing to the production of gas bubbles, etc., 
but if this fact is taken into consideration Ohm’s Law is valid 
for liquid conduction. 

Nearly all modern methods of determining the resistance of 
electrolytes depend upon the use of alternating current to avoid 
this polarisation. Ohm’s Law is then correct if the number of 
cycles is sufficiently high. 

General.—The whole subject of electrolytic conduction is 
one of some complexity, and what has been said only represents 
a sufficiently brief description to enable the theory of electrolytic 
rectification to be followed, so far as it is known at the present 
time. 

Before passing on to a consideration of the rectifying pro¬ 
perties of an electrolytic cell, a word of caution is necessary to 
avoid a confusion of terms. In the example given of two copper 
rods immersed in copper sulphate solution, copper and SO 
radicles have been termed ions, a copper and an SO 4 ion com¬ 
bining to form a copper sulphate molecule. The ion of SO 
which leaves the cathode is called a cation and the copper 
radicle the anion. It is unfortunate that this terminology has 
been adopted, as confusion is probable with the ion of gaseous 
conduction. 


20 
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CHAPTEE XVII. 

BLECTEOLYTIO REOTIFIBRS. 

Theory of Electrolytic Rectification.—It was observed early 
in the history of electrolytic conduction that a combination 
of certain anodes and electrolytes resulted in a unidirectional 
current, when an alternating voltage was impressed across the 
electrodes, but no satisfactory theory accounted for the phe¬ 
nomenon until 1902 when G-uthe propounded the oxide-gas film 
theory, which suggests that on the anode, a Solid oxide or 
hydroxide film is formed which increases in thickness with the 
passage of current; at the same time a thin film of gas is 
formed on the sohd film which further increases the resistance 
of the cell. The action of rectification was attributed, therefore, 
to the ease with which free electrons, which are present on the 
surface of the anode, can penetrate the oxide and gas layer 
owing to the high potential gradient, and traverse the electrolyte 
to the cathode; whereas the heavier cations are more or less 
completely held up by the film on account of their greater mass. 
This would result in the production of a high counter E.M.P., or 
E.M.E. of polarisation, which opposes the passage of a reverse 
current. 

This theory has been amplified to a great extent by Professor 
Gunthe Schulze, and his theories based on experimental evidence 
are admirably set forth in his treatise and its translation by 
de Bruyne on the subject. It is not possible within the scope 
of this book, to consider in detail the complete theory which has 
been described elsewhere—such a description would of neces¬ 
sity include the effect of the many variables, which are to be 
ound in the apparently simple electrolytic rectifier. Professor 
Schulze describes at least twelve such, each of which depends 
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in some unJmown way on such, factors as, the metals of which 
the electrodes are made, the nature of the electrolyte, its con¬ 
centration and temperature, and the current and voltage, etc. 

Before proceeding to discuss the theory, consider the facts 
which are at present available, as to what actually happens 
when two electrodes are subjected to a potential when immersed 
in an electrolyte. 

Formation,—^In the first case if these two electrodes are 
subjected to a constant potential, the current will rapidly faJl 
from its initial to a small value, in a time which depends on the 
area of the electrode and the applied voltage. For example, 
Holler and Schrodt have found that with an aluminium anode 
of area 1 squaje centimetre, and 25 impressed volts, the film 
formed almost at once; whereas with an area of 300 square 
centimetres several hours were required for a complete formation 
with 120 impressed volts. Fitch has contended that this film 
grows at a rate which is proportional to the time, and that this 
film is a combination of an oxide and a gas as stated by Q-uthe, 
the gas film reducing rapidly in thickness on a reversal of the 
current. In the light of later experiments this final suggestion 
does not appear to explain the true facts, although it may be 
that the oxide film increases with time; but the growth cannot 
continue indefinitely but probably initially follows a logarithmic 
law. 

If the conditions of this experiment are so arranged that a 
constant current is made to pass between the electrodes then it 
will be found that the voltage increases up to a point when a 
definite sparking is noticeable over the surface of the aluminium, 
and subsequently the voltage increases proportionately to the time 
of application. At a certain point, however, an increased spark¬ 
ing is apparent and the voltage no longer rises and the forma¬ 
tion of the plates is complete. This voltage is termed the 
“ maximum voltage of formation,” and at this point the resist¬ 
ance of the cell is constant. A further rise in the voltage will 
result in a complete breakdown, and normal conduction ac¬ 
companied by electrolysis takes place. This effect and the 
current curves aje shown on Figs. 286 and 287. 
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It can be shown that for small concentrations the maximum 
voltage can be represented by 

(614 log D - 330) volts 

where D is the dilution in litres per gramme equivalent. 



Maximum 

Voltage 


Time 


Fia. 286.—E.M.?.—Timo oharaotoristics. 


^-Maximum 

Voltage 


Current 

Fig. 287.—B.M,F.—Ourrant ohavaoterlsWoB. 

Valve Action.—The valve action has been largely studied 
by Schulze, and although the theories are incomplete yet it is 
supposed that the existence of a permeable and impermeable 
film depends on the gas-electrolyte boundary. It is known 
that, although it requires a high potential to free electrons 
from a cold metallic surface, yet in the case of an electrolytic 
surface, a still greater potential is required. Further, if the gas 
pressure is high it increases the difficulty of passage as the mean 
free path is smaller. During the process of formation the oxide 
film is being deposited on the anode, and as this film is partially 
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responsible for the process of rectification the plates must be cor¬ 
rectly formed if the apparatus is to function satisfactorily, and at 
the same time in this porous layer oxygen is evolved. This 
process represents what Schulze terms the characteristic of the 
rectifier in so far as its resistance properties are concerned ; but it 
does not wholly explain the mechanism of rectification, which 
requires some factor to limit the current to one direction only. 
It is found after experiment that with a certain direction of current 
flow, and below a certain minimum voltage “ mindest spannung,” 
the cell becomes conducting, and Schulze states that under these 
conditions the cell behaves like a mercury vapour rectifier ; thus 
as Schulze points out the term “electrolytic rectifier” is 
not strictly a correct terminology, as the cell is only electrolytic 
in so far as its constituent parts resemble a cell operating on the 
electrolytic principle. 

GThe values of this minimum voltage in the case of tantalum, 
with a forming voltage of 85, and in a 0‘06 N concentration of 
solution of electrolyte, is given in Table XXXII. 


TABLE XXXU. 


Potassium hydrate 

. . 9*6 volts 

Sodium bicarbonate . 

. . 13’2 ,, 

Potassium nitrate 

. . 11-7 „ 

Sodium sulphate 

. . 9-0 „ 

Potassium phosphate 

. . 9-3 „ 

Sodium chloride 

. . 18-2 „ 


It appears that the behaviour of the cell as a more or less 
perfect rectifier depends on the solubility of the anode in the 
electrolyte; and thus tantalum which is unaffected by acids is 
likely to be preferable to aluminium. This is found to be the 
case, and in fact it was this characteristic of the partial solu¬ 
bility of aluminium in all of the electrolytes tried, which 
obscured the issue in the earlier work on the subject 

The actual thicknesses of the respective films, oxide and gas 
(A and S) have been investigated by Schulze who has shown 
that for tantalum these layers vary approximately as the forma¬ 
tion voltage; and where e is the dielectric constant, the ratio 
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8/e is affected only by the element of which the anode is com¬ 
posed, and by the formation voltage, and in this case Fig. 288 
can be verified experimentally for both aluminium and tantalum. 

Professor A. Smits discusses the assumption made in the 
above theories and arrives at the conclusion that the explanations 
are not sufficient to meet all the facts, such as for instance that 
amalgamated aluminium shows no rectifying effect, and secondly 
that under certain circumstances a chlor-ion concentration 
renders valve action impossible. He comes to the conclusion 

I 
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Pio. 288.—^Formation voltage and film thiokuess. 

that the electromotive equilibrium theory will prove the solution 
to the problem. 

The whole question of the actual cause of the valve effect is 
one of great complexity, and a complete solution of the problem 
has not yet been accepted. The correspondence in the foreign 
technical press leaves the matter over for further data in the 
light of experiment. There is one point, however, which must 
not be omitted in a consideration of the theory, viz. the fall of 
potential with time is not such as would be expected if a con¬ 
denser discharge were the sole cause of rectification. If the 




ELECTEOLYTIC EECTIEIEBS 


407 


graph be plotted to a log scale it is curved in form, whereas the 
graph of a discharge from a condenser would show a linear 
relation. 

Effect of Temperature.—Owing to the high resistance of 
the films, and the relatively high current passing during the 
periods of current flow, the PB losses are high, resulting in a 
considerable rise of temperature. This has a dual effect in 
certain classes of rectifier, as, for instance, where aluminium 
electrodes are employed, the solubility of the anode increases, 
and as has been stated above, rectification becomes imperfect. 
At the same time an undue increase in the temperature will 
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Pig. 289.—EfCeot of frequency on wave form. 

have an adverse effect on the oxide film, and vdll render the 
rectification imperfect—in some cases if the current density is 
increased to too great a value the rectifier ceases to function, 
and current ■wiU pass in both directions. On the other hand, 
rectification is dependent on a high current density so that 
there is an optimum point at which the rectifier will function 
in the best fashion, and it is at present a matter of experiment 
to determine where this optimum point exists with any one 
type of cell. 

In certain cases it may be advisable to include some form 
of water cooling in order that the requisite current may be 
obtained without too high a cell temperature being attained. 
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Hffect of Frequency.—As electrolytic rectifiers are inherently 
leaky condensers the capacity current, which will inevitably flow, 
will vary with the frequency, and this will largely affect the 



Fig. 290. Effect of electrode turea on wave form (no induotanoe). 



performance on load. If p is the ratio of the readings of the 
rectified current on a moving coil and a square law instrument, 
p will normally equal 0’63 for a single phase circuit, and for 



ELECTEOLYTIO EECTIFIEES 


409 


a sinusoidal wave form (page 34). As the frequency increases 
this ratio will decrease as shown in the following curve due to 
Zenneck. 

Effect of Electrode Area.—For the same reason the capacity 
current will cause the ratio p to fall as the electrode area 
increases, and this effect is indicated in Figs. 290 and 291, 
which are also due to Zenneck. 

In Fig. 291 where inductance is included, the effect of the 
inductance is largely to neutralise the effect of capacity, pro¬ 
ducing an inherent power factor closer to unity than is found 
with a pure resistance load. 

Emission of Light from the Anode Surface.—As has been 
stated above, when the critical value of the voltage is about to 
be reached, careful observation will reveal a faint luminescence 
over the surface of the anode, which as the voltage is further 
increased, changes into small scintillating sparks, due no doubt 
to the breaking dovm of the hydroxide film owing to the 
high potential gradient. In some cases the emission is intense 
enough to be easily discerned, but at ordinary pressures the 
anode usually has to be carefully examined to reveal it. 

Special Forms of Rectifier with Colloidal Anodes.—In 
order to reduce the ineflSciency of a rectifier, and its consequent 
heating many devices have been proposed. Perhaps the best 
of them is that devised and patented by Andr6, in which the 
cathode is of nickel and the anode of colloidal silver, but any metal 
will function as an anode which can be produced in a colloidal 
state, and whose oxide is conducting. Difficulties have been ex¬ 
perienced in the past owing to the fact that after a certain period 
of time the rectifier ceases to function due to strings of colloidal 
silver which short-circuit the leading-in wires. 

Briefly the results of this interesting experimentation may be 
summarised as follows:— 

If two strips of silver are immersed in a solution of concen¬ 
trated sulphuric or phosphoric acid, and alternating current is 
passed between them (at a current density of about O'l ampere 
per square centimetre of electrode area) electrolysis occurs; and 
the current steadily rises to a point when the electrochemical 
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reaction ceases, and the electrolyte has a conductivity compar¬ 
able with that of a metal, and the solution is found to contain 
micelles of colloidal silver. 

It IS then found that if one of the silver electrodes is replaced 
by one of nickel, and the electrolyte replaced by a paste consisting 
of powdered pumice and sulphuric acid, as shown in Fig. 292, 
and if the electrodes are allowed to touch lightly then electrolysis 
first takes place, which as colloid silver is formed, gives place to a 
rise of current, and at the same time rectification takes place, and 
current will flow from the silver to the nickel, but only a minute 
amount in the opposite direction. The amount of rectification 



Fia. 292.—Oolloidal anode. 

can be measured on the D.C. ammeter A. In this case it is 
found that the cell functions only so long as the metal strips are 
moist, but that during that period the internal resistance is 
practically zero. It would appear that it is not strictly correct 
to term the silver atrip an electrode, as there is reason to believe 
that the colloidal silver is the true electrode, and that the metal 
strip merely functions as a leading-in wire, and the actual oper¬ 
ation of rectification probably takes place at the surface of the 
nickel. 

Thus in Fig. 293 the nickel strip is coated with a layer of 
oxide A which is exposed to the anodic silver colloid B, which 
again is in metallic contact with the silver strip. 
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It is perhaps previous to speculate on the actual cause of the 
valve effect, but as sparking occurs under certain conditions, it 
may be that the same theory may be suggested here, as has 
been put forward to account for the phenomenon in the ordin¬ 
ary electrolytic rectifier, but so far there does not seem to be 
sufficient evidence to warrant a definite statement. 


—ve _|.ve 



Ni A B Ag 


Fic. 293.—Oolloidal anode. 

There are but few elements which will function satisfactorily 
as cathodes, as the chief requirements are (1) the electrode must 
not be attacked by hot concentrated acid, (2) it must oxidise 
rapidly when current passes, and (3) the oxide must be 
unattsKjked. Those elements so far tned are given in Table 
XXXIIL 

TABLE xxxnr. 


Elomont 


Maximnni Dlreot 
Ourreiit 

Voltajje for Best 
ReotiGcatioii 

Lead 


60 

12 

Niokel . 


60 

18 

Soft iron 


100 

25-28 

Copper. 


60 

8 

Aluminium . 


70 

20 

Sihoou . 


100 

60 

Molybdenum 


100 

10 


With regard to the anode material, as the metal must be 
unattacked by strong acid, and its oxide must be similarly 
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immune, and further must be electrically conducting, silver is 
practically the only metal that can be employed. 

The frequency of supply to which this rectifier can be ap¬ 
plied is dependent on the speed of formation of the oxide film. 

With regard to the life of the rectifiers, it has been found 
that they only function satisfactorily for long periods if there is 
a reverse E.M.F. in the circuit, and thus the ideal purpose for 
which they are most suitable is that of battery charging. For 
example, whereas a rectifier will operate for 1000 hours as a 
battery charger, it will only rectify on a resistance load for 
50 hours. As battery chargers they will pass a current of from 
2 to 3 amperes (biphase). 

These rectifiers, which are small in bulk, behave peculiarly 
when connected in senes or in parallel. In series, unless each 
one is shunted by a suitable adjustable resistance, so that the 



voltage is equalised across each cell, one cell alone will drop all 
the voltage, and will eventually fail, this process continuing until 
only one cell remains. In parallel the same thing happens, as 
the internal resistance rapidly falls on load, and one or two cells 
will first take the load and will eventually heat up and fail. The 

remedy in this case is to connect a resistance in series with each 
cell. 

Theoretical Analysis of the Current-Voltage Relation.— 
It is clear that the current-voltage relation will be periodic and, 
moreover, that it will repeat itself after a time which wiU be 
equal to the time of oscillation of the supply. The current will 
then generally take the form of the curve in Fig. 294. 

It is known that the cell behaves very much in accordance 
with Ohm’s Law (see Chapter XVI, page 400), excepting that 
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the resistance to the current is greater in one direction than in 
the other, and that there is a slight negative current flowing 
during the reversed cycle. Call the resistance of the cell in the 
first half cycle 7-1 and in the rectifying cycle r^. Then if an in¬ 
ductance X and a resistance r are included in the circuit, during 
the period represented by 0 to 61 , the equation for the E.M.F. 
can be written 

ijTi + ijT -h == E sin 6 - El . . (2) 


where E^ is the counter E.M.E. of the rectifier or minimum 
voltage, El cannot always be assumed to be small in value; 
for example, with tantalum and an electrolyte of nitric acid, 
it may reach a value of 46 volts. Equation (2) may be simplified 
by putting 

r' = ri + 


whence 


dii E Bin 6 - El 

d& ^ X ^ X 


( 3 ) 


The solution of this equation is 

jp 

ii = Ae~w + ^ sin ($ - <^) 


El 

r ’ 


tC 

where tan <j) = p and Z = 

When = 0, ^ =« 0, whence 

.1 =2 Bin^+ 

and when = 0 , ^ whence 

ii = sin <^+ sin (^ - </>)} - - e * ) (4) 

and ^|e " "‘’"sin </> + sin - </>)} = 7(1 “ a"^') (5) 

Similar equations can be evolved for the negative portion of 
the wave, but as this loop is of small magnitude owing to the 
high resistance of the rectifying cycle, the current can be 
neglected and equations (4) and ( 6 ) represent the characteristic 
equations of the wave form. 
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If it can be asaumed that is zero, a condition not always 
possible, the mean current flowing is 

TTT ■ 

vn a\ Esm^a^- 

EQ. - cos ^ _2_ 

27r»-' “ 


Im 


1 

27r. 


f. 


.(G) 

and if di is put equal to tt a condition of no inductance iu the 
circuit, Im reduces to the equation 

Im = Elr''ir = //tt 


for a single-phase wave form. 



riQ. 206.—Ourrent waves with different values of the Induotanoe. 


If il is differentiated with regard to 0 


dii fr -rle . , j^AE 

Stf “ "h” ‘ 8in<;.-OOB(0 - 


and if ^ is equated to zero a relation is obtained between ^ 
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and dm which is the value of 6 for a maximum value of This 
substituted in equation (4) results in 

(max.) = I = sin Omlr' . . (7) 

where 6m is given by 

cos ^ 

The maximum value of the current wave is thus dependent 
on the inductance in circuit and is related to the overlap 6^ by 
equations (6) and (7). It is impossible to separate the exponen¬ 
tial terms from the trigonometrical functions, and if the one is 
wanted in terms of the other the only way is to make each 
calculation separately with numerical examples. 

A series of curves for differing values of x is given in Eig. 
296, which indicate the reduction in the crest current and the 
consequent smoothing. 

These curves are calculated for the following values of the 
constants:— 

r = 20, rj = 10, i.e. / = 30 and E = 50 volts. 

Anal3rsis in Battery Chargingr Circuit. —In the case of a 
battery charging circuit equation (2) becomes 

. . diy -r-, • 

+ x-^ + 0 = jEJ sin 0 

where e is the sum of the minimum voltage and the back 
E.M.E. of the load circuit. A solution of this equation is 

= de ® + -^ sin (p - p) — 

Zj r 

where the symbols have the usual significance. The condition 
that when « 0, ^ =0 gives 

A - EjZ-^ sin - ejr' ■= 0, 

or .4 = sm p + 

Zi r 

and therefore 

^ sm /3. e"f8 - -A1 - 6 5 ) + -^ sin (d - 
The further condition is that when = 0, ^ and hence 
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f - sin /3. rS’’ - * (l - e-J*') + f- sin («, - /9) = 0 (9) 

which gives the value for the angle of cut-off. The final 
condition is that for a battery of any given capacity the charging 
current is known, and thus 

1 f*i. . 

which reduces to 




( ,, ,(i - r^‘0 - -1) 

Ir (x* + r ' 


r'E . Ex - A , '\ 1 

1 re* + r* ^ iT + r® J 27r 
In this equation the circuit constants x and r' are given, and 
has been obtained from equation (9), and it is, therefore, 
possible to calculate the crest value E of the supply voltage re¬ 
quired or conversely E may he given and x or r' calculated. 

This case is, therefore, simpler than that of the mechanical 
rectifier in that the cell is not short-circuited during the period 
of current reversal. It is not usual, however, to insert a react¬ 
ance in the case of a battery charging circuit as the undulatory 
character of the wave form is not objectionable; considerable 
simplification results if the inductance is eliminated, and the 
equation for the current wave becomes 

JS7 sin^ e 

h “ 


and 


= sin-i^ 


and Im = {®(1 - 008 d,) - 

This case is analogous to that of the mechanical rectifier, 
where in Chapter V. (page 111) a numerical example is given. 

Effect of Capacity of the Oxide Film and Gas Layer.— 
The capacity of the oxide film and gas layer can be substituted 
by an equivalent capacity 0 in the circuit diagram of Fig. 296. 

The equations connecting the various quantities are 


e + ir + X 


di r 
'id+ *4 


idd = E sin 6 
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where is the condensive reactance and equals 1/pG. 

Differentiating 

dH ,di . T, « 

^ ^ = -2^ cos 9, 

This equation is analogous to that of a damped vibrating 
system under the influence of an external impressed force of a 
sinusoidal character, and results in a general solution 

i ^ cos (9 - a) + Ae ^ + B . e ^ ® 
where Z = + (x - x^f and I = - 4xXo 


tan a = 


c X r' 

11-Tnmnmr-wvvw\w- 


' E 51N 0 « 

Fig. 296.—Circuit diagram with capacity and inductance. 

The constants A and B are determined by the terminal 
conditions 

i = 0, when 9 => 0 
and = 0, when 9 = 9^, 


whence 


where 


E E 

^ cos - a) - cos a. 

g-f/fli _ g-pfli 

E ^ E .A . 

^6“^’ 1 cos ® ^ cos (Pj - a) 

6-501 _ 

r - I , r + I 

-^ and - 


To evaluate it is necessary to take into consideration the 
final condition that when i = 0, E = e, the counter E.M.F., and 
9 = 2i. 


27 
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Thus 01 can be ascertained, but as is the case with the forced 
mechanical vibration, the above is not the complete solution, 
which varies in form depending on whether r®' is greater than, 
equal to, or less than 4xxe. 

The resonant condition is that 
r^' = 4xXo 

which will result in a current wave with a high peak value. 

The example is not of great practical importance as it is 
unusual to insert an inductance in such a circuit. Assume, 
therefore, that the inductance is zero, and the characteristic 
equation which represents the voltage relationships is 

e + Xc [idd + ir' = E sin 0 . . . (10) 



Fig. 297.—Ourrenfc wave form with oondeasivo I'oactance. 

The solution to equation (10) is 
—— E 

'I = Ae »■' + — sin (6 + <^) 


where 


Z = and tan <f) = 


When i = 0, ^ = 0 and 0^, 
and hence 


E 


and 

and also 


E . 


A = - sin (jj 
E . 


^ sin {0 + (f>) - — sin ^. e 


sin (01 + (f>) sin <f>. e 
which gives a value for the point of cut-off; 
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Taking r = 21’6 ohms, and Xg = 10, and E = 110, 
i = 4-65 sin {6 + 26) - l-96€-o-'‘o®«, 

and this curve is shown in Fig. 297. It will be noted that the 
inclusion of a capacity tends to retract the curve without in¬ 
creasing its peak value, and therefore, shortens the point of 
cut-off. 

Effect of Different Electrolytes,—It has been postulated 
that any electrolyte which will cause the formation of a gas 


TABLE XXXIV. 


Applied 

Voltage. 

Solution. 

Anode Material. 

Volte 

Betweeu 

Eleotrodos. 

Onrrent. 

Reverse 

Current. 

86 

Potassium \ 

Aluminium 

85 

3-7 

2-9 

fluonde j 

Bismuth 

86 

4'1 

4-0 


Ammonium \ 

Magnesium 

16 

8*9 

0-1 

oo 

fluoride / 

Aluminium 

20 

S-8 

01 

86 

Ammonium \ 

Magnesium 

54 

3*4 

1-2 

fluorsilioate / 

Aluminium 

64 

3'6 

1-2 

85 

Ammonium) 
oarbooate / 

Aluminium 

15 

8'8 

0 

86 

Ammonium) 

Alummium 

4 

1-7 

0 

oxalate / 

Bismuth 

45 

2'66 

20 

86 

Ammomuml 

Aluminium 

4 

2-1 

_ 

phosphate / 
Double phos 1 

Bismuth 

20 

2-86 

0-1 


86 

phate of am-1 
monium and r 

Alummium 

8 

3-25 

0 


potassiumj 






Cathode 

of Qraphite, amd tomperatuie kept constant. 


layer and any electrode, which on the passage of current will 
cause a stable oxide film to be formed, will function as a rectifier. 
Numerous substances will give the required result, but there are 
one or two which are more efficient than the others. Nodon 
has provided particulars of various metals and solutions which are 
suitable, and some of those tried are mentioned in Table XXXIV. 

From these results it will be seen that amongst the elements 
tried aluminium alone gave rise to a true valve effect. (The 
expression “ true valve effect ” is used with the reservation that 
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it IS highly probaible that there is no such thing as a perfect 
electrolytic rectifier, but as the resistance to the reverse current 
is high, ordinary indicating instruments may be insufficiently 
sensitive to record it.) 

A further point to note is that the resistance of the cell as 
measured by the voltage drop between the electrodes is least in 
the case of aluminium, and it is apparent that the best electrolyte 
to use is ammonium phosphate, because it gives rise to the least 
PB losses and consequent internal heating. 


TABLE XXXV. 






Ohms per 

Auode. 

Oathode. 

Electrolyte. 

Ourrent 

Used. 

Cubic Centi- 
motro on 
Closed 





Cironit, 

Lead 

Lead 

Double phosphate 
of potassium and 

D.O. 

6*29 



ammonium 

A.a. 

OO'O 

Aluminium' 

Lead 

Double phosphate 



of potassium and 





ammonium 

D.O. 


Lead 

Lead 

Ammonium carbonate 

8*84 

Lead 

Aluminium 

Ammonium carbonate 

D.O. 

18-90 

Lead 

Lead 

Ammonium carbonate 

A.O. 

10-62 

Aluminium 

Lead 

Ammomum carbonate 

A.O. 

30 0 

Aluminium 

Lead 

Ammonium carbonate 

A.O. 

61-6 

plus 6 per 
cent, nickel 



D.O. 

8-84 

Lead 

Alumimum 

Ammonium carbonate 


plus 6 per 
oenb. nickel 





Measurements of the resistance of electrolytes have also been 
made, and Table XXXV. will show the divergence obtained under 
varying conditions. 

M. A. Codd conducted some experiments on the apparent 
resistance (or impedance) of electrolytes, using electrodes of 
aluminium and iron, where alternating current was used for the 
measurements with a non-inductive load in circuit. The cell 
was disconnected from the-supply after a period and connected 
to a 12 volt accumulator, and its apparent resistance measured; 
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th 0 ErGQiB of th© olGctrodes were 11 square inches each, spaced 
2 inches apart, and a saturated solution was employed in every 
case. Table XXXVI. indicates the results obtained. 

These last tests show very strikingly that the last salt used 
as electrolyte was incapable of forming the oxygen film, and 
that little rectification ensued in consequence. 

It should be noted, as stated in Chapter XVI., that the only 
way of obtaining true and consistent results is to employ alter¬ 
nating current of high frequency in making internal resistance 


TABLE XZXVI. 


niuctrnlyto. 


Potuflsium \ 
pIiOHj}huto j 
Sodium \ 
bicatbouabo j 
Poto-sh \ 
alum J 
Ammonium 1 
plioypbabo J 
Ainmouiiiml 
bicarbonato / 
Sodium \ 
pliOHphabo / 
Pobis-sium \ 
bltarbrato / 






Ourront at 

Munii 

Alnpmiis. 

R.M.S. 
Ampul uH. 

Form 

Piiutor. 

R.M8. 

Vdltw. 

Flowmg. 

1-H 

3-6 

1-96 

14-7 

8-8 

1*4 

S-G6 

1-00 

16-6 

4-0 

M 

2*25 

2-01 

lG-26 

8-8 

1*1 

2-26 

2-01 

lC-0 

8-0 

0*'J6 

2-02 

2-13 

lG-76 

8-0 

0-i)0 

2-05 

2*20 

lG-0 

2-6 

9-40 

0-66 

1-88 

18-25 

0-26 


Beotified. 

0-0024 

O-OOll 

0-0014 

0-0009 

0-0016 

0-0017 

about 

0-100 


Apparent 

Impedance 

dtiTiiig 

Bectlfioa- 

tion. 


6000 

11,000 

8670 

18,330 

8000 

7050 


tests, otherwise the large inherent capacity due to the effect of 
the double dielectric on the surface of the anode will lead to 
erroneous deductions. 

Effect of Different Electrodes—As regards the metals 
which can be used as electrodes, beyond those already described, 
tantalum has been tried with considerable success on account 
of its inert behaviour towards acids and salts in solution; and 
its life appears to be indefinitely long, but it is an expensive 
metal to purchase and difficult to obtain in sheet form. For the 
passage of 3 amperes to, charge a 3 or 4 cell battery a thin sheet 
2 inches square or a wire 2 to 3 inches long and O'OlO inch in 
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diameter used as an anode with a lead plate as a cathode will 
give satisfactory results. 

In the case of a wire electrode, on account of the strength of 
the electric field, sparking often occurs even at low voltages, 
and it is preferable to employ sheet metal where at all possible. 

As tantalum is sensitive to contact with other metals and is 
able to absorb many times its volume of hydrogen it must be 
carefully handled, and should be heated to a high temperature 
before use. 

Tungsten has also been tried successfully as an anod% in 
various solutions. L. H. Walter experimented with this element 
in electrolytes of nitric, sulphuric and hydrochloric acids, all of 
which resulted in good rectification. So far, however, the ex¬ 
periments were only possible with small filament wires, but now 
that tungsten is available in sheet form, a useful type of rectifier 
may be obtained, especially with an acid electrolyte where the 
resistivity is low. To give some idea of the possibility of such 
a rectifier—a filament from a 60 watt, high volt lamp, i.a with 
an electrode surface of about 01 centimetre, a current of 0'6 
ampere was successfully rectified in an electrolyte of sulphuric 
acid (S.G. 1200) and a lead cathode. A 6 per cent, solution of 
potassium bichromate also gave satisfactory results. 

Oscillograms of Current Waves.—Oscillograph records of 



SODIUM PHOSPHATE 

Fia. 298.— Osolllograms of current with difienng electrolytes. 


the rectified current show a number of interesting points as 
the current curve varies in shape with the electrolyte used. 
Fig. 298 illustrates some of these curves taken for the 
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three electrolytes: potassium phosphate, sodium phosphate, 
and ammonium phosphate. Potassium phosphate will give 
e.xcellent results, but the salt is expensive and also difficult to 
keep on account of its deliquescent properties. 

In these curves the negative portion of the wave is very 
pronounced and the net rectified current, therefore, considerably 
reduced in value. This is possibly due to the temperature at 
which the cells are run, as well as the chemical constitution 
of the electrolyte, as some further curves taken in a cell with 
animonium phosphate as the electrolyte give much better 
rectification (see Fig. 299). 



Fig. 299.—Oucroat wave with ammonium phosphate electrolyte. 


Too much reliance must not be placed on these isolated 
cases as there are many variables entering into the question, but 
the above oscillograms are given as examples of the type of 
current wave to be expected, and also to show that while the 
distortion is not serious the rectification factor may be poor. 

Efficiency.—As regards the efficiency of electrolytic valves, 
the only losses which are likely to occur are 

(i) Transformer loss 

and (ii) I-E loss in the cell. 

The latter is almost constant and part of the former varies with 
the load. Fig. 300 is a curve showing a typical overall efficiency 
with varying load, and indicates how constant it may be over 
a wide range of loads. This property is useful, especially if the 
rectifier is only required for short duty. 

Efficiency curves are, however, an unreliable guide to the 
actual performance, and it is dangerous to draw too optimistic a 
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conclusion. It is of small advantage if a rectifier has a high 
efficiency, and yet very soon ceases to function, and this un¬ 
fortunately IS the chief trouble with electrolytic rectifiers. 



Fig. 300 —Effioienoy curve for Fig. 801.—Biphase electrolytic 

electrolytic i-ectifler. itjotifier. 


Polyphase Rectification.—Biphase and polyphase connec¬ 
tion can be employed as in the case of 
thermionic rectifiers, with the added 
')B simplification that both electrodes can 
'' be immersed in the same electrolyte— 
a parallel case to that of the naercury 
\c vapour rectifier. 

Fig. 301 indicates such an arrange- 
Fig. 302.— Greatz connection ment, but as in other similar instances, 

for electrolytic rectifiers. transformer volt¬ 

age is incurred (see page 177). 

The Wheatstone Bridge or Q-reatz method of connection 
can also be adopted, as shown in Fig. 302, where cell A 
has two electrodes, and B and C are valves of the ordinary 
type. 

An ingenious device of Messrs. Siemens enables a biphase 
supply to be maintained, but on a different principle (see 
Fig. 303). 

The load is m series with a cell A, and in parallel with a cell 
B, and during the positive half cycle current flows through A 
and the load, but cannot pass through B; on account of the 
condensive reactance of B it charges B up, till its potential 
equals that across the load. During the next half cycle B 
discharges through the load and smooths out the current wave. 
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This could equally be accomplished by a condenser in place of 
B; but the natural evolution leads to the circuit shown in 
Pig. 304, where the electrode B is what may be called the 



Pia. 303.—Siemens oonneotion Fig. 804.—Modified Siemens conneotion 

foL' eleotvolytio reotifler. for eleotrolytao reotiflers. 

condenser electrode, and A the one used for the passage of the 
main current. Bairsto has investigated this particular type of 
cell and has shown that with any given ratio of plate area A to 



Fig. 80C.—Voltago relationship with Biemons oonneotion. 


B the supply voltage bears a linear relation to the open circuit 
load voltago. 

Pig. 805 illustrates this point, where curves for plate area 
ratios of 8; 1 and 2:1 are given. In the case of the 8 *. 1 ratio. 
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B consists of eight plates each equal m superficial area to the 
plate A, The B plates were formed in a solution of ammonium 
borate at 160 volts, and the single plate A at 300 volts. The 


lead cathode was shaped to interleaf with 


those of A and B. 



Fig. 306 shows the type of current wave 
obtained with various plate ratios, and as 
would be expected the increasing capacity 
with the increasing ratios tends to smooth 
out the wave. 


The voltage regulation with such an ar- 
Fiq. 306. — Ourrent , . . ■ -n- nrirr 

waves with Sie- rangement is given in Fig. 307. 

mens oonneotion. method may be applied to two or 

even three phases of supply, and Fig. 308 indicates the connec¬ 
tion of anodes required for two- and three-phase systems. 

In the case of these multiphase supphes similar wave forms 



AMPERES LOAD 

Fig. 807.—^Voltage regulation with Siemens oonneotion. 


are obtained, viz. a decreased undulatoriness with increased 
ratios of B to Aj, Ag and Ag. 

Balkite Rectifier.—A practical rectifier employing tantalum 
and lead electrodes is now available for the charging of small 
6 volt batteries, and can be used for the supply of high tension 


Fig. 309.—^Balkite rectifier. 


\To face page 427. 
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to wireless sets. TJie general form of the apparatus, which 
embodies a transformer in its containing case is illustrated in 
Pig. 309. 

It will be noted that the apparatus is simple to operate, and 
as it employs the same electrolyte, at the same specific gravity 
as an ordinary accumulator (1200 S.G.), little is required beyond 
the ordinary equipment. The only exception to this is the 



Fig. 308 a and b ,—Polyphase oouneotion. 


addition of a small quantity of ferrous sulphate (two to three 
ounces of concentrated solution to a rectifier, or one ounce of 
solution to every pint of sulphuric acid of S.G. 1200). If a 
rectifier is used without this addition it will function, but with 
a greatly decreased current capacity. This is indicated by ex¬ 
periments carried out by Eobinson, the results of which are 
given in Table XXXVII. 

TABLE XXXVn. 
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At the same time this addition of ferrous sulphate prevents 
the disintegration of the tantalum which appears otherwise 
to be very rapid at the surfaces of the electrodes. 

The above tests were taken with a biphase system of 
rectification. 

Nitric acid with carbon and tantalum electrodes would 
produce a more perfect rectifier, but the use of this electrolyte 
is not recommended. 

Design of Rectifiers.—^In the design of electrolytic rectifiers, 
it is important to bear in mind the physical characteristics 
briefly enunciated above. Schulze lays down the following 
essential conditions;— 

(i) Perfect rectification must be obtained. 

(ii) The maximum voltage of formation (page 403) must be 
higher than the peak value of the alternating current supply. 

(iii) Electrostatic capacity must be small. 

(iv) The minimum voltage (page 406) must be small in the 
permeable direction. 

(v) The specific resistance of the electrolyte must be low. 

(vi) The cooling surface must be such as to prevent the 
temperature from rising above 40° C. at full load. 

These points are interdependent to a large extent, as if a 
high rectified voltage is required the minimum voltage will be 
high, and the electrolyte must be diluted so that the maximum 
voltage of formation is well above the alternating peak voltage 
of supply. This means a high specific resistance, and conse¬ 
quently higher losses, and a greater temperature rise. 

As regards the practical manufacture of an aluminium 
rectifier, if it is required for use on a large scale, or in a 
position where little attention is possible, it is advisable to 
obtain the advice of the makers as to the suitability of any 
particular type, and to purchase from a rehable firm. But in 
the case of small charging sets it is possible to manufacture a 
rectifier -with little trouble, which, if it is not entirely satisfactory, 
at least does enable a small 6 volt accumulator to be charged 
Ifrom an A.O. supply where otherwise expensive converters 
Would be required. The following details are therefore put 
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forward, not in any way as a design for a completely satisfactory 
rectifier, but as one where, if the enthusiast does not object to a 
certain amount of trouble and attention, he may accomplish this 
operation at a moderate cost. 

A lead cylinder should be obtained which may consist of a 
plate 10 centimetres wide by 16 centimetres long, bent into the 
form of a cylinder 6 or 6 centimetres in diameter, which forms 
the cathode of the cell. The anode is made from an aluminium 
plate 9'5 centimetres high by 1'7 centimetres and 0'3 centi¬ 
metre thick Both anode and cathode are immersed in the 
electrolyte in an earthenware pot. The electrolyte should con¬ 
sist of a saturated solution of ammonium phosphate. With an 
alternating supply voltage of about 90, 27 volts (mean value) 
direct current will be obtained. The current should not be 
allowed to fall below O’i ampere per square centimetre of plate 
area, and in this example will give the best results if kept at 
about 1'6 amperes. The voltage can be regulated by a series 
resistance or a small transformer across the supply mains, with 
tappings at intervals. As the polarisation sets in, the current 
will decrease, but after about half an hour it will attain a steady 
value. It is always advisable to keep the supply voltage low, as if 
the critical voltage is exceeded the cell will not rectify, and cur¬ 
rent will pass in either direction. It is preferable, if it can be 
arranged, that a transformer should be inserted to reduce the 
voltage to about 46 and this will result in a rectified voltage of 
13, which is sufficient for a topping up charge of a 12 volt ac¬ 
cumulator. The performance of the cell will be improved if 
cooling arrangements can be introduced in the form of a lead 
or composition pipe circulating cold water round the cathode. 

If ammonium carbonate is employed, the temperature should 
under no circumstances be allowed to exceed 50“ C. as decom¬ 
position sets in, at that point. On the other hand, the con¬ 
ductivity increases at higher temperatures, and thus the best 
temperature is of the order of 40° C. 

Use of Electrolytic Rectifiers at High Temperatures.— 
The use of rectifiers at high temperatures has proved an 
interesting speculation, and has actually been accomplished in 
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spite of the fact that with ordinary electrolytes a critical tempera¬ 
ture is reached beyond which rectification ceases. Schulze has 
experimented with a cell where the electrolyte consists of molten 
sodium nitrate at a temperature of 330 degrees centigrade, and 
the type of wave form obtamed is indicated in Fig. 810. 



Fig. 810.—Ourrent wave form in high temperature rectifier. 

The curves show that under these circmnstances the voltage 
is constant during the period of current flow and therefore the 
ceU does not obey Ohm’s Law, and functions in a different 
fashion from that previously considered. The nature of the 
reaction is obscure and no satisfactory explanation has yet been 
put forward. 

Use of Electroljrtic Rectifiers at High Pressures.— 

Rectifying cells have also been constructed which operate under 
pressure. Carman and Balzer have successfully obtained a 
cell which will function under a pressure of 20 atmospheres. 
They found that the rectification decreased with increasing 
pressure, and are inclined to deduce from this fact that Schulze’s 
theory of the mechanical action of the gas film is supported by 
experimental data, as it would be expected that this gas film 
would decrease in thickness under increasing pressure. 

Future Work.—Experimental work is stiU continuing with 
a view to establishing a theory which will meet all the facts 
known in electrolytic rectification. So far this has only met 
with partial success, and the problem must be relegated to the 
band of those still unsolved. The present state of the work is 
not due to lack of tried observers but to the difficulty of making 
the observations, and obtaining consistent results. 
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PART V. 

SOLID CONTACT EICTIFIBES. 

CHAPTER XVIII. 

WIRELESS CRYSTAL RBOTIFIBRS. 

The improvement in capacity of several types of crystal and 
disc rectifiers renders them important for the charging of small 
batteries and similar purposes. 

The physical action of none of them is so far well under¬ 
stood, and little can be written beyond a description of their 
characteristics and a brief discussion on the more important 
theories. 

The greatest amount of work has been done on the wireless 
crystal, viz. that which is only available for minute currents ; 
but there are two recent additions to the solid contact rectifier 
which are of considerable interest, and are considered in the 
next chapter. 

Later in this chapter various theories of crystal rectification 
are developed, but in order that they may be more clearly 
understood it is necessary to bear in mind three phenomena 
which may attend the passage of current through a conductor. 

Peltier Effect—When a current passes across the junction 
of two dissimilar metals or conductors, heat is absorbed or 
liberated in accordance with a reversible process. Thus heat 
is absorbed or produced according to the direction of the current, 
as for example in the case of a copper-iron circuit, if the current 
is forced from the copper to the iron, the junction is cooled and 
conversely. This heating is accompanied by the generation of 
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an B.M F, called the Thermo-electnc E.M.F., and if thtJ external 
current is made to operate in the direction of the thermo-oluctrio 
current the junction is cooled, and if in opposition to it the 
junction is heated; further, the heat generated or abworbud is 
proportional to the first power of the current, or 



It will be appreciated that there must always be (wo 
junctions present, and thus the heating of one is accompanied 
by the cooling of the other, the current doing reversible work. 

Joulean Effect—Joule discovered that if a current paasos 
along a metal conductor, heat is evolved, the amount of heat 
being proportional to the square of the current, and to the 
resistance of the conductor, whence 

Ej => Bdt, 

Thomson Effect—If a current passes through a conductor 
Zr, where Z is at a temperature and 7 at then tho heat 
developed in ZF when unit electricity flows from Z to Y is 

Et => o-(Ti - Ti) 
where tr is the specific heat of electricity. 

The Thomson Effect will not be apparent when the tompora- 
ture gradients are small and may as a rule be neglected. 

Theories of Crystal Rectification.—There is no definite proof 
that the correct theory of crystal rectification has yet been dis¬ 
covered, although numerous theories have been advanced, and of 
the physical phenomena which have been suggested as being tho 
cause of rectification, electrostatics, electrolysis, thermo-eloc- 
tricity and combinations of these principles have severally and 
collectively received the attention of those seeking to solve tho 
problem. Till recently the only theory which had survived 
the criticism of experimental evidence was that which was ad¬ 
vanced by Dr. Ecoles where it was supposed that when current 
passes across the junction of two dissimilar materials, and tho 
resistance of the contact is high, the current flowing causes 
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Joulean heating, and therefore a Peltier E.M.F. both in its 
positive and negative periods. In one half cycle the Peltier 
E.M.F. assists, and in the other it opposes the current. Thus 
perfect rectification will only result when the respective E.M.Fs. 
accurately balance. 

Dr. Eccles has further shown that the heat is likely to be 
localised in a small volume of the crystal round the point of 
contact; but at the same time it is continually conducted away 
from that point: nevertheless high temperatures may be reached 
which have been estimated by some at 300 degrees centigrade. 

Later developments have suggested that the high resistance 
contact which is necessary for the generation of the Joulean 
heat is due to a molecular layer on 
the crystal face, and that it is only 
the presence of this layer which per¬ 
mits rectification to take place. This 
has been borne out to a certain ex¬ 
tent by experiments conducted at the 
Eesearch Laboratories of the General 
Electric Co. on the use of galena as a 
rectifier, where it was discovered that 
the heating of the crystal in an atmos¬ 
phere of sulphur considerably en¬ 
hanced the rectifying properties. 

Owen has enlarged upon the thermo-electric theory and 
suggests that experimental data is indicative of two regions of 
heat development. For instance, the immediate contact surface 
would consist of a molecular layer where Peltier heat would be 
developed; surrounding this molecular layer, but of much 
smaller dimensions, is a region of the crystal in which Joulean 
heat and Thomson heat are set free. 

Several objections have been advanced against the thermo¬ 
electric theory, but perhaps the most serious is that of the 
inequality between various crystals in their rectifying propertieSj 
even when especial precautions are taken to ensure that the 
results shall be consistent. 

A theory based on the crystalline structure of galena has 


z 



z 

Fig. 311.—OryBtalliue atructuro 
of galeaa. 
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received some support, although again it is not complete in its 
explanation of all the observed data. 

If a cube is considered, as shown in Fig. 311, and its true 
centre ascertained, which will be the intersection of straight 
lines drawn through the centres of opposite faces, it will be 
situated at 0; if now equal intercepts are taken on the three 
axes OX, OY, OZ, as shown at OP', OP", and OP'", a plane 
drawn through the three points P', P", and P'" will intersect 
the cube in what is called the (1, 1, 1) plane. It is apparent 
that eight such planes can be drawn and the solid resulting 
from cutting off the intersections of the planes will be an 
octohedron. (A model can readily be made up in plasticine to 
illustrate the effect.) 

In such a crystal it would be expected that the metal ions 
would move more freely in the (1,1,1) plane than in any other. 


O • O 

• O • 

O • O 


• O • 

o • o 


• o 

Fig. 812. 


where they would collide with sulphur 
ions, by having to pass through a net¬ 
work of sulphur ions. If an alternating 
current passes through the crystal, lead 
ions will pass to the crystal causing 
metallic conduction across the crystal. When the current 
reverses the sulphur film is restored and the resistance to the 
passage of current rises. 

Thus it would be expected that the greatest rectification 
would occur in the (1, 1, 1) plane, or when the current passes 
in a certain direction across the crystal. James has shown that 
the rectification ratio in the (1,1,1) plane is 15*9 to 1, and in other 
planes it is of the order of 1 or 1'6 to 1, thus confirming this 
aspect of the theory. 

Galena is lead sulphide in which there are equal numbers 
of atoms of lead and sulphur. If, therefore, the atoms are so 
arranged that a sulphur atom is always adjacent to a lead atom, 
as shown in Fig, 312, in which the black dots represent the 
lead and the circles the sulphur atoms, then it can be shown 
that the octohedron face will always expose either a surface of 
lead atoms or sulphur atoms, with resulting unbalanced electro¬ 
static forces. 
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rlamcB, in tho “ VhiloBophical Magazine,” has advanced 
many argiinientR, tho preceding one of them, for the acceptance 
of an electrolytic theory of crystal rectification, and instances the 
formation of metal threads by electrolytic action, which would 
explain the hystoretic nature of the steady current curve. The 
effect of the addition of impurities in the crystal also appears to 
hoar out the possible truth of tho theory. 

On tho other hand, Strachau has lately suggested in an im¬ 
portant series of articles that tho loose contact forms a metal 
contact in one direction and a dielectric in the other. This 
phenomenon is probably associated only with such substances 
as galena, which are neither insulators nor good conductors of 
electricity, and which normally possess a high specific resistance 
wlion good contact is made with the conductor. This will also 
be hound up with the fact that at all surfaces the molecules 
have a greater degree of freedom than in tho interior of the 
substance; and in the particular material or crystal which is 
functioning as a rectifier tho orientation of the molecules on the 
surface may result in a given orientation of “axes of conductiv¬ 
ity,” which arc assumed to be reversible when a good contact is 
made, as against a non-roveraiblo direction when only loose 
contact is made. 

A molecular layer of sulphur would bo obtained if octohedral 
galena could lie prepared, but so far this has not been possible, 
HO as to tost tho theory thoroughly, as galena has a cubic struc¬ 
ture, and to olitain it in any other form is dillicult. The theory 
is ingcnioiiH and may have some foundation in fact; at any 
rate it is Wfirthy of consideration. Against this theory is the 
fact that .\.-ray c.xamination fails to indicate any preponderance 
of tlio(l, 1, I) face in specimens of good galena as compared 
with ]K)or speciint'iis. 

Effect of Pressure, Temperature, Frequency and Current. 

--KloworH lias invt'stigatoil the effect of nnmorous variable 
(londitions to which crystals aro usually siihjeotod :— 

of Variations of pressure from 4 to 550 

grammes and from (K) to 11)0,000 cycles produced very little 
variation in rectification. This does not altogether accord with 
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actual practice in the case of galena-metal contacts where there 
is certainly a marked optimum pressure range. With carbor¬ 
undum and molybdenite there is apparently no such optimum 
pressure. 

Effect of Temperature .—Eectification decreases with increas¬ 
ing temperature. Between 200° and 300° C. rectification dis¬ 
appears altogether. 

Effect of Frequency .—It is considered likely in view of 
later experiments that frequency has little effect. 

Effect of Current .—Experiment shows a marked increase in 
rectification with increasing current, and an investigation would 
indicate a square law connecting current and rectification ratio. 

Effect of Current Density or Size of Contact Point.— 
Increasmg the size of the contact point would appear to decrease 
the rectification ratio, and as would be expected higher voltages 
have to be employed to obtain the same current values. 

Instability appears, however, when very small currents are 
used, when also, under certain circumstances, reversal of current 
is experienced. 

The above results may be combined and would indicate:— 

(i) That for good rectification a certain minimum current 
density must be exceeded; 

(ii) Eesistance in series with the crystal decreases the rectifi¬ 
cation ; 

(iii) For Isirge currents the rectification at high frequencies 
is likely to be greater than with lower currents at low fre¬ 
quencies. 

Effect of Time.—The effect of time on rectification is 
marked, and it will be observed that this is in accord with the 
thermo-electric theory, whereby the heat which is generated 
necessarily takes a certain time to leak away. Thus when the 
time of application of the voltage across a zincite crystal was 
3 X 10“® seconds the resistance was found to be about 1500 
ohms, whereas when the duration of current flow was increased 
to 15 seconds the resistance increased to 2000 ohms. 

Materials Used—Numerous types of crystal have been used 
as rectifiers with more or less success. During the war, the 
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Army Wireless sets were equipped with two types, viz. Penkon 
which is a combination of one crystal of zincite and one of 
chalcopyrito; and carborundum, which was used in conjunction 
with a hardened steel disc. At the present time most of the 
crystals employed in small wireless sets consist of lead sulphide 
or "alena. This is used cither in the natural state and specially 
treated, or is manufactured from its constituent parts. Herzite, 
Pernmnito and other trade names are given to galena crystals, 
but this list does not by any means exhaust the materials from 
which rectification can be effected. A bismuth-aluminium 
combination will rectify although the results are not so good 
on account of the better conductivity of the metals. On the 



I’m. Sl.'i.—OharooteristloH of 
oryfltial rootiflcalioii. 


Fig. 814.—Volt-ampero oharaoter- 
iHticB of crystal reotifier. 


other hand, molybdenite-graphite or copper is an excellent 
combination. 

Current-Voltage Characteristics.—In Pig. 313 curve I 
rep resell ts a state of affairs where rectification does not take 
pliic.e, because for a given positive voltage a certain positive 
current will flow and for the same negative voltage an equal 
negative eurrent will be allowed to pass. Also curve II, which 
eoiitimies in linear form to the origin, and then is coincident with 
the axis (0, - v), will ropresont a good rectifier as no negative 
current will pass with a negative voltage. It is then legitimate 
to conclude that as the slope of curve II is a measure of the 
resistance of the rectifier contact, if this resistance is zero the 
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best form of rectification will ensue; this is represented by the 
coincidence of curve II with the axis (0, + i), and it is to be 
inferred that the line (+ i,0, — v) is the volt-ampere character¬ 
istic of Bi perfect crystal rectifier. This is never attained in 
practice, because it has been postulated that for a hipfh thermo¬ 
electric E.M.F. a high resistance contact is of importance. 
Hence a compromise must be effected to ensure the host results. 
Such curves usually take the form of curve III in Fig. did 



where a slight negative current is permitted to pass when the 
voltage is negative. The measure of a good crystal therefore 
is primarily concerned with the portion of the curve in the 
(- - ) quadrant, and it is only after it is clear that this portion 
of the curve is relatively unimportant that a consideration of 
the curve in the (+ +) quadrant is worth undertaking. 

It is sometimes found that a characteristic curve takes the 
form of IV in Fig. 314, where it is noticed that the voltage axis 
is intersected at a point which is not the origin. This is no 
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detriment to the rectification properties of the crystal, if hy any 
means it is possible by suitable arrangements to shift tlio axis 
(+ i, - t) to such a position that P will become the now origin. 
This IS attained by impressing a constant voltago ( - 7>i) on the 
crystal before the characteristic curve is taken. A curvo of this 
nature is found in the carborundum-steel combination and in 
consequence in the wireless sets during the war a potentiometer 
and a dry battery were included which enabled this voltago to bo 
permanently applied; the exact setting of I* was obtained by 
a sliding contact on the rheostat until the best signals wore 
received, which corresponds to the new origin being situated 
at P. 



Fig. S18.—Oharaotenstio curve under extra Iiigli voltage. 


Three seta of curves are given of the characteristics of 
various crystals. Figs. 315 and 317 indicate the typo of rectifi¬ 
cation obtamed with low and high voltages and with different 
crystals, and Fig. 316 shows that the crystal should have a 
voltage of 0-12 impressed on it to obtain the best results. 

curves are taken for higher voltages 

»g. 318 Will be obtamed. and it will be observed that wlioroas 
at the lower voltage v, the rectification is good, when the 
voltage .s ,nereased to o, the negative current corresponding to 

redded Attbr rectification is thor^ 

need. Although this curve is not taken from anv one 

forLfti^f Strachan has shown that 

prachcalpnrposes, crystal rectifiers may be oonsidered as 
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having a definite polarity in that the direction of the rectified 
current across the crystal determines to a certain extent its 
magnitude. This terminology must be used with discretion as 
it must not be assumed that the crystal acts as a generator of 
electrical energy. 

To illustrate the effect of this so-called polarity the current 
across a galena crystal in one direction may be 0*25 milliampere, 
whereas in the other it may be 0'75 milliampere. And, on the 
other hand, with a copper silver sulphide crystal (Straneyerite) 
the respective currents were 0’3 and OT milliampere respec¬ 
tively. This would suggest that for wireless reception, where 
telephones are suited for a current in one direction, it may be 
advisable to connect the circuit in the right direction. 

I E SIM 0 I 




a.iLS.0 JLBJLtuajuuc ' 

z = r-jx 

ITxa. S19.—Simplo orystal oirouiti. 

In such oases as are illustrated in Fig. 314 where a given 
potential is applied to the crystal by means of a potential 
divider, a higher potential will be required in one direction than 
that necessary for the same signal strength in the other. 

The importance of this phenomenon which has not yet been 
satisfactorily explained is of such an order that it may be of 
considerable advantage to take the trouble to ascertain the 
correct polarity of the circuit before it is finally completed. 

Theoretical Analysis.—As regards the mathematical analysis 
of the circuit, in Fig. 319 an alternating E.M.F. B sin 6 is 
impressed on a crystal in which the drop in voltage is 

and the rectified voltage is absorbed in a load of impedance 

Z = r - 
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The differeatial equation connecting the various quantities will 
then be 

-i-t • /I . di 

F; sin ^ 

This equation cannot be solved unless e-^ is known, and is 
some simple function of the current. In any particular case 
if it may be assumed that the voltage variation is small, the 
relation between the two may be considered to be linear, or 

ri ■¥ hi — B sin 9. 

dO 

The solution of this equation is similar to that employed in 
considering the relationships for a mercury vapour rectifier, 
and is of the form 

t =» sin (^ - </)) + Be~^ 

in which A, B, c and <j> are determined from the initial condi¬ 
tions. Usually the exponential term m the calculations can be 
omitted. 



Fig. 820.—Oeoillatlng crystal circuit. 


Oscillating; Crystals.—Oscillating circuits formed by crystals 
and suitable impedances have been suggested as a replacement 
of thermionic triodes, and already a considerable amount of 
research has resulted in the production of a combination which 
will give satisfactory results once it has been finally adjusted. 

Lossev has shown that such oscillations can be generated 
from a circuit as is illustrated in Fig. 320, and states that when 
the circuit oscillates, scintillations of light accompany the 
passage of current. 
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Lossev shows that the charactenstic curve is as shown in 
Fig. 321, where the property of negative resistance is indicated, 
and he contends that the shape of the curve depends on the 
production of a minute arc across the contact. 



Fig. 321.—Oharaoteriabio of Osoillabmg Oiyatal. 

General Conclusions.—It will have been gathered from, the 
foregoing that whilst more data is now available on the way 
in which crystals function as rectifiers, it still cannot be said 
that a complete solution of the problem has been found. In 
this case there is the factor that the crystal has been largely 
superseded by the thermionic valve, and development has been 
restricted to the, latter, the former problem being considered to 
be of academic interest only. It may easily transpire, however, 
that the triode will again have a rival in the crystal, in which 
case there is little doubt that the relative claims would be settled 
on a basis of cost. 
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CHAPTEE XIX. 


LARGHB CAPACITY SOLID CONTACT RBCTIPIBRS. 


The advent of the relatively high capacity solid contact rectifiers, 
which will rectify currents of the order of from two to three 
amperes, has created considerable interest in wireless circles. 
The obvious disadvantages of the electrolytic rectifier on account 
of the employment of acid or alkali, the sparking of the vibrat¬ 
ing reed, and the renewals of the gas tube, all tend to depreciate 
their value. A dry rectifier with a reasonable life, therefore, 
will be received with satisfaction especially as there is reasonable 
expectation of high efficiency and long life. 

Copper Disc Rectifier.—A new and highly interesting recti¬ 
fier has recently been described in the “Journal of the American 
Institute of Electrical Engineers” (March, 1927), by Grondahl 
and Geizer. This together with the pin-crystal represent the 
simplest rectifier yet developed, and both are worthy of the 
greatest consideration. 


The only information obtainable up to the present is that ir 
the publication above mentioned; and thij 
description is therefore restricted to a repro¬ 
duction of several of the characteristic curvet 
there given. 

The original discovery was of the fact thaj 
a copper disc covered with a layer of cuprouE 
oxide had a greater resistance in the one direo- 
hon than m the reverse: in the first case in 
the ratio of three to one. 

mpnf U ^ illustrate the develop- 

of this result mto a practical rectifier of the biphaL 



AC Input 


Fig. 322 a. — Oopper 
diso rectifier. 
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type. Fig. 322 b shows the apparatus as marketed by the 
Westinghouse Co. of America. 

The elements aie normally 1*6 inches in diameter and the 
four elements making up the unit shown in Fig. 322 a will 
supply current at 6 volts. With regard to the current density, 
this depends largely on the cooling possible, and in some cases 
ventilating fins may be advisable for extra radiation. When the 
current density exceeds two amperes per square inch, the 
elements should be immersed in oil, and if fins are added the 
current density can be increased to 3*6 amperes per square inch. 



It is emphasised that the rectifier is remarkably consistent, 
and that large currents can be carried on account of the low 
internal resistance. This point is indicated in Fig. 323 which 
shows a resemblance to the characteristics of the crystal rectifier 
in Figs. 316 to 317. 

These two curves lead to the resistance-voltage curves of 
Fig. 324, and the rectification ratio curve of Fig. 325. 

As regards efficiency, the curves in Fig. 326 show the variations 
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dne to changes in watt inpnt, which is given as the ratio of 
direct current output to alternating current watts input (see 
page 221). These curves refer to a rectifier of 1’5 inch elements 
as shown in Eig. 322. 



Fig. 824.—^Reflistanoe-volliage carves of copper disc reotifler. 



Fig. 325 —^Rectificatiioii ratio of copper disc rectifier. 

The oscillograms of Eig. 327 indicate a form factor of 1'13 
which varies to 1‘25 with different units. The resistance of the 
unit is not constant but vanes with the voltage, and thus on a 
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battery charging circuit decreases as the charging rate decreases. 
The voltage regnlation of the rectifier can be chal^ged by varying 
the weight of copper; and, for example, it is increased from 



16'6 per cent, to 8*6 per cent, by doubling the weight of the 
metal. 

As regards the bulk of a rectifier, if it is assumed that 
1*5 inch elements are used, it is found that 200 are required to 
rectify 1 K.W. Therefore, the bulk of a 4 K.W. unit is 1 cubic 
foot and weighs 80 pounds. 

AAAAAAAAA/^ b,.ph«e 
\ A A A A A 

Fig. 827.—Osoillograins of copper disc reotlfler. 

The life of the copper disc appears to be very long: thus 
after one year’s continuous operation at a constant current 
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density of O’6 ampere per square inch, there appeared to be no 
prodncts of electrolysis. 

The theory of operation appears to be obscure, but it is sug¬ 
gested that it does not depend on thermo-electricity or electro¬ 
lysis. One of the authors has proposed a theory that due to 
the intimate relationships of the copper and the oxide, electrons 
are able to escape in quantities from the copper to its oxide, and 
the action is analogous to that of the hot cathodic filament in a 
thermionic rectifier. The potential gradient carries the elec¬ 
trons from the copper to the oxide, and the diffusion of electrons 
from the copper, or in other words, the space charge, opposes 
their passage in the reverse direction on the reversal of the 
E.M.F. 
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Pin-Crystal Rectifier.—This type of rectifier is essentially 
of the crystal variety, and consists in one form of a silver pin 
and a crystal of iron pyrites with which the pin is pressed in 
tight contact, as shown in Fig. 328. 



With regard to the capacity of the unit, which has been 
described in the Patent Specification, each crystal will safely 
rectify 10 milliamperes, the current being limited by the heat 
dissipation at the point of contact; and it is unsafe to apply 
a greater potential than 7 volts to any one unit. 


LABGEE CAPACITY CONTACT KEOTIPIEES 455 


Thus theoretically for “ trickle ” charging a 16-volt battery 
at 0T20 ampere, twenty-four units are required, twelve in 
parallel and in two banks in series; whilst to rectify the high 
tension supply for a typical wireless receiving set, from the 
supply mains, several such units would he wanted connected in 
series. 

In the manufacture of the rectifier, considerable care in 
formation is necessary, and at the same time the pressure of the 
silver pin is important. 
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PART VI. 

WIRELESS REOTIEIERS AND RADIO SUPPLIES. 
CHAPTER XX. 

WIRELESS REOTIPIOATEON AND THKEE-ELEOTRODE VALVES. 

Wireless Detectors.—Detectors in wireless engineering and 
radio reception come into the category of rectifiers because 
devices which will rectify an alternatmg current will in general, 
and with suitable connections and apparatus, enable high fre¬ 
quency oscillations to be detected and made audible in a tele¬ 
phone or loud speaker. 

In modern wireless practice, detection is restricted to the 
use of two types of rectifier :— 

(i) The diode or triode, which is chiefly used on medium 
and large sized installations, and 

(ii) The crystal in combination with the triode for certain 
medium power receivers, and alone in the smaller types. 

The present chapter and Chapter XVIII. are devoted to a 
consideration of items (i) and (ii), although it is believed that 
electrolytic rectifiers and photo-electric cells amongst others 
have been used for this purpose, but there is no evidence at the 
present time that they will replace existing methods. 

The mechanism of detection may be understood by a con¬ 
sideration of the following statements, which are general in 
their application:— 

In Eig. 329, E is any form of rectifier -with the above re¬ 
strictions, inserted in the aerial circuit, and 0 is a sm^ con¬ 
denser. High frequency oscillations received on the aerial pass 
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through B, and so long as the current in the circuit is assym- 
metrical the rectification factor does not matter. There is thus 
a net bias on the current either in the positive or negative 

directions, and again the direction 
of this bias does not affect the 

-[ZD I argument. A net charge is re- 

I c 3 ceived on the condenser across 

: } -which the potential increases so 

signals are being 
•III -* received. When they cease the 

uw ooo Cl 1 ;?■ condenser commences to discharge 

S29.—Simple radio raceivmg , „ v n ° 

oi rouit. (umlaterally) through the telephone 

and audible signals are produced. 

This cycle of events is illustrated graphically in Fig. 330, 
where curve (a) indicates the receipt of a train of waves of 
high frequency such as might be obtained from a spark set; 
(6) shows how the rectifier is able to eliminate the reverse 



Fig. 830.—Curves of ooudenser oharge and telephone ourrent. 


current, in (c) the condenser, which commences with a zero 
charge, becomes charged as the signals proceed, and thence 
gradually discharges; this is shown in (d)] and in (e) the 
current through the telephone is illustrated, the area of the 
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curve being equal ^ to the difference of the areas of the loops 
of {d). 

Three-Elbctrodb Valves. 

Characteristics.—As this chapter is only concerned with 
the detection of high frequency oscillations, the chief uses of 
the triode as an amplifier or an oscillator are not considered, 
but as regards its characteristics it is more reliable in action 
than its parent, the diode or two-electrode valve, as the con¬ 
trolling effect of the grid is much more certain than that of the 
filament emission and variation of plate voltage in the latter 
case. 

In design and form the triode is similar to the diode, with 
the exception that between the 
anode and the filament a loosely- 
coiled spiral or mesh of wire is q 

placed which is termed the grid. o 

In the larger valves the mesh is o 

commonly employed, but in the case ^ 

of the smaller special valves, viz. the o 

DE6 and LS6 valves, illustrated in o 

Eig. 331 a and 6 respectively, the 
grid takes the form of a more or less “f 

closely wound spiral, the pitch of which laiTgely determines 
the impedance of the valve. 

A diagrammatic representation of a triode is given in Eig. 
332, where the small circles represent the grid spiral. Thus 
it will be seen that the influence of a potential on the grid will 
be either to retard the flow of electrons or to accelerate it, as 
they are emitted from the filament, according to whether the 
grid is positive or negative with respect to the filament. 

The effect of this grid potential is greater than would be 
expected, and in Fig. 333 a and h the characteristics of two 
typos of valve are given, which illustrate this point. 

h''rom these curves it may be noted that a small variation in 
grid potential for a given anode voltage produces a greater 






anode current in MILLIAMPERE5 ANODE CURRENT IN MILLIAMPERES 
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Anode volts ' anode'volts 
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variation in anode current than a similar variation in voltage 
would do if the grid were not present. 

There are two principal methods of detection of signals 


i 



i’la. 334.—Aiioilo rootifloafcion. 


which are in use, (i) anode rectification, and (2) grid leak 
rectification. These methods are briefly considered below, but 
for any detailed analysis, text-books on the subject should be 
consulted. 



(1) Anode Rectification.—tf the aerial circuit is connected 
directly to the grid of a valve, as shown in Eig. 834, which has 
characteristics represented by the continuous curve in Eig. 835, 
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then the grid voltage is seen to be oscillating in nature, and 
from the valve characteristics, the actual anode current vana- 
tions can be deduced graphically; but owing to the fact that 
the characteristic is not linear, this anode current will have an 
average value which is not zero, and which will take the form 
of the dotted line in Fig. 335. The effective current in the 
telephones thus depends on the amplitude of the audio frequency 
current or average anode current, and as this amplitude is de¬ 
pendent on the curvature of the characteristic, the particular 
portion of the curve at which the incoming wave train operates, 
will determine the signal efficiency, and it is possible, if the 
characteristic is approximately linear for no signal to be 
audible. The particular portion on which the signals operate 



Fig. 836.—Grid leak detector oirouit. 

can be varied by including an external B.M.F. impressed on 
the grid, or to a less extent by varying the anode potential. 

(2) Grid Leak Detection.—In this case a small condenser 
C and a resistance (grid Teak) are included in the circuit as 
shown in Fig. 336. 

It is now necessary to consider the grid current characteristic 
of the valve. 

During the time when no signals are received, it is assumed 
that the valve is functioning in a stable fashion. It is usual to 
connect the resistance r to the positive leg of the filament, in 
which case the drop of voltage in the filament is represented by 
the length of the line OB in Fig. 337, and if cot a is made 
equal to r, the point of intersection of BA with the curve A will 
indicate the normal potential of the grid, viz. 00. If oscillating 
signals are impressed on the grid, the grid voltage will swing 
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about the point A. Thus a similar series of distorted oscillations 
will occur about the point A and electrons will accumulate on 
the condenser plate connected to the grid; this will cause the 

ORID CURRENT 


A 



cc, , 


8 


grId 

POTENTIAL 


Pio. 337.—Qnd currant oharaotenafcio. 




Incoming Signals 


uu 




II 


Grid POTENTI/U^'^Aflnn''^^ 



Fig. 838,—Current waves with gnd leaJr. 

potential of the grid to be lowered, which will react on the plate 
current in accordance with the curvature of the valve character¬ 
istic. This accumulated charge must be allowed to leak away 

30 
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before the next tram of waves arrives, and this is the function 
of the leak, the tune of leakage depending on the circuit con¬ 
stants r and 0. 

The form of the oscillations is shown in Eig. 338. 

This description of the detecting properties of the three- 
electrode valve is necessarily brief. Any further consideration 
would lead to a lengthy description and mathematical analysis. 
Moullin and Turner have discussed the action of the triode as a 
detector in an excellent article which considers the problem in 
all its aspects, and to which the reader is referred for further 
details. 
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CHAPTER XXI. 

RADIO SUPPLIES, HIGH AND LOW TENSION. 

The increase in the number of users of wireless apparatus 
renders the supply of electrical energy in small quantities, but 
under stringent conditions, imperative, and up to the present time 
the only commercial methods available are the use of accumu¬ 
lators for filament supplies, or, in certain particular cases, dry 
cells; and dry cells for the anode current, or so-called high 
tension supply. 

These two supplies require farther specification as to the 
amount of energy and the constancy of voltage required; and it 
is therefore necessary to consider each case separately. 

Filament Supply. 

When a lamp filament is subjected to the passage of a 
variable current, its candle-power or light output -will also vary 
to a greater or lesser degree depending on the diameter of the 
filament, its length and the cooling due to the leading-in wires, 
its constitution and the frequency of supply. The fluctuations 
may vary from the seventh to the eleventh power of the current 
due to these causes. This is exemplified in the case of a lamp 
on a 25 cycle supply where the flicl^is clearly visible, whereas 
on a 60 cycle supply no objectioual candle-power variation is 
noticeable. In the case of a thermionic valve the electron emis¬ 
sion follows a different law from that of the light output (see 
page 297), and the functioning of a lamp provides little data as 
to the operation of a valve on a variable supply. Even assum¬ 
ing it is possible to increase the temperature lag of the filament 
by some means, it is probable that the alternating electrostatic 
field will cause an objectional hum. 

That this is of little import in certain valves has already 
been proved, but apparently both the detector and power ampli¬ 
fiers should be operated from a constant source. If, therefore, 
direct current is required for any filament supply it is probably 
cheaper to make provision for it for all the valves. 
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On a direct current main the commutator ripple is so small 
that the filaments can be lit from the domestic supply in series 
or in parallel as may be desired. 

Thus the conclusion is reached at once that on A.C. circuits, 
filaments can only be supplied through a rectifier, or by a 
separate battery or accumulator, the latter alternative entailing 
charging arrangements or sending the battery to a local con¬ 
tractor to be charged. 

The small rectifiers which can be supplied for charging 
batteries are now so reliable that it can only be on the grounds 
of expense that they are not universally employed in the domestic 
house ; and if the problem is considered from the financial side, 
there is no doubt that the interest on the capital outlay of any 
of the rectifiers enumerated below will be less per annum than 
the cost of chargmg by the local contractor. 

For houses with direct current supplies there are five alterna¬ 
tives available, viz.:— 

(<x) Supplying the filaments in parallel from the mains. 

(6) Supplying the filaments in series from the mains. 

(c) An accumulator and charging at home 

(d) An accumulator and sending out to charge. 

(fl) A thermopile. 

Thus the question of the filament supply can be stated in 
tabular form as follows :— 

TABLE xxxvm. 


EiriAMBNo: Supply. 


A.0 Supply. 


(a) Tiansformer with reotifler, and 
supplying direct. This method 
IB not at present satisfactory. 

(&) Accumulator, and charging at 
home -with a rectifier. 

(c) Using a valve with a big tem¬ 
perature lag. These valves in 
the form of the indirectly heated 
cathode are now available. 

(d) Accumulator and sending out 

for charging. 

(fl) Thermo-electric methods. 


D.O. Supply. 


(a) Supplying from the mams with 
filaments in parallel. 

(5) Supplying from the mains with 
filaments in series. 

(o) Accumulator and charging at 
home {aee below). 


{d} Accumulator and sending out 
for charging. 

(a) Thermo-eleotrio methods. 
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Consider the practicabilities at the present time :— 

Alternating Current Supply.—(6) The following types of 
rectifier can be employed :— 

(i) Electrolytic, vide the Balkite (page 426). 

(ii) Vibrating reed (page 137). 

(iii) Thermionic rectifier (page 300). 

(iv) Gas-filled tube (page 360). 

(v) Synchronous commutator (page 100). 

(vi) Plain motor generator set, which has not received at¬ 
tention in this book, as it presents no unusual features. 

(vii) Solid contact rectifiers (see page 450). 

It is not proposed to deal at all with the proper care and 
maintenance of accumulators ; suffice it to say that whichever 
of these devices is chosen, it is preferable that it be selected 
with a view to providing sufficient current to chaarge at the 
proper rate which is stated on the case of the accumulator, and to 
remember that a higher charging rate is better than a lower 
one. It is a choice of two evils, but the former is to be preferred. 

A further qualification is that it is better to employ a recti¬ 
fier which does not spark, as this may cause annoyance to other 
wireless apparatus in the neighbourhood 

The other alternatives (a) and (d) are not considered as 
they are outside the realm of practical politics in the case of 
(a), and are unhappily too well known in the case of (d). 

(e) Thermo-electric Methods .—This type of supply depends 
on the fact that a junction of dissimilar metals, when heated, is 
a generator of electrical energy (page 435), and it can be stated 
definitely that if the practical difficulties of design could be 
overcome, a thermopile would provide the most useful form of 
supply, as it could be independently heated by an oil flame, gas 
jet, or electric heating element, and no rapid fluctuation of 
the supply would cause an equivalent variation of the filament 
voltage. Unfortunately no such device has yet been designed, 
which is completely satisfactory, but there is some hope that in 
the near future the ideal thermopile will be available for very 
small power outputs. 

Direct Current Supply.—Where filaments are supplied from 
the mains, care must be taken to avoid earthing the electricity 
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authority’s mains, as this is contrary to the regulations. The 
diffionlty can usually be overcome by inserting a two-microfarad 
condenser between the wireless set and the earth. 

There is little to choose between alternatives (a) and (b). In 
the former case, the filament rheostat must be in parallel -with 
the filament, and, in the latter case, in series with it; a lamp or 
resistance is also required in series with the filament circuits and 
their rheostats, to reduce the voltage to approximately its proper 
value, and to absorb the excess energy. The size of valves em¬ 
ployed will decide this loss of energy, which will be equal to the 
total current taken from the mains, multiplied by the voltage. 
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I'M. 339.—Battery otaigiug from direct currant supply. 

R’urther, it is to be remembered that if the filaments are in series, 
the voltage from valve to valve increases. 

(c) (i) There is a device open to all users of direct current, 
and it 18 surprising that it is not more frequently employed. 

It is illustrated in Fig. 339, and merely consists in installing 
a switch S "with four terminals 1, 2, 3, and 4 ; 1 and 2 of which 
are permanently strapped together ; in one position of the 
switch arm terminals 2 and 3 are connected, and in the other 
connection is made between 1 and 4. An H and H switch can 
be purchased cheaply which will perform this function. X 
and Y are the main supply cables interrupted at a convenient 
point; and the two leads A and B are led from the switch and 
are labelled + and - ve. The battery to be charged is connected 
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to A and B, and when the switch is operated the lights in the 
house will be slightly dimmed when the battery is correctly joined 
to the circuit. If the hghts are brightened, the leads should be 
reversed. By these means all the current taken in the house 
lighting circuit will be employed to charge the battery, but it 
cannot be too strongly emphasised that usually only a trickling 
charge will be obtained, and the life of the battery will thereby 
be impaired. 

The convenience of the method, however, and the fact that 
battery charging costs literally nothing, will probably make it 
worth while on financial grounds alone, to renew the battery 
more often, and have the added advantage of charging on the 
premises at a cheap rate. It will also be apparent that charging 
only takes place when lamps are switched on. In introducing 
the switch S into the circuit, it is advisable to insert it in the 
lead of the supply which is at earth potential. The correct ter¬ 
minal can be ascertained by temporarily connecting one side of a 
lamp to a water pipe, and the other side to either point X or Y. 
The lamp not lighting will indicate the earth lead. EinaJly, it 
is advisable to stand the battery on charge on paraffin wax 
blocks, so that no leak to earth is possible. 

(ii) The other method of charging cells at home is to use a 
simple circuit with lamps in series to reduce the voltage and ab¬ 
sorb the excess energy. By these means the correct charging 
current can be obtained, but the method is too costly to be 
frequently employed. 

(e) Thermopile .—The same arguments apply here as have 
been used above. 

Anode Supply. 

The normal method is to employ a dry battery, which can 
now be obtained in a reliable form, but which is more costly to 
maintain than is often appreciated. The next alternative is a 
battery of small accumulators, which must be charged at fre¬ 
quent intervals, if their rated output is to be maintained. The 
charging of these small batteries at home is possible, but on 
account of their small size they require expert attention, and 
their use by unqualified attendants is not recommended. 
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Supplying current from the mains is more easily performed 
for the anode circuit than is the case with the filaments, and the 
different methods available are now enumerated. At the same 
time it must not be overlooked that the anode current is much 
more susceptible to fluctuation than are the filaments, and 
greater precautions must accordingly be taken to avoid all 
current variation. 

The various methods available are indicated in Table 
XXXIX. 


TABLE XXXIX. 


Alteruatiug Oarrent Snpply 

Direct Oiirrout Supply 

(a) Theimionic rectifier aud filter 

(a) Plain filter circuit 

Neon rectifier, and filter or smoother 

(bj Bucket oontrol 

(cj Thermopile 

(c) Thermopile 

{a\ Synchronous Commutator 
{ 0 ) Solid contaot reotifier 



Alternating Current Supply.— 

(a) Thermionic BecUfier .—This is a convenient method to 
employ, and is easily manufactured by those who have access 
to the necessary tools. A transformer is required with a 
secondary voltage of about 340 volts R.M.S., and provided with 
a noiddle tapping; at the same time tappings are wanted near 
the midpoint of the winding, for the supply of the rectifier 
filaments, which in this case can be supplied by alternating 
current. 

A biphase wave form will result, and this is smoothed by a 
suitable filter or smoothing device, both of which are described 
below (page 309). The advantage of this system is that the 
anode circuit is isolated from the inains, and the wireless set con 
be earthed as required. 

The general arrangement of connections in Fig. 340, and 
the design particulars are as follows :— 

Primary Winding of Transformer .—Two coils of 600 turns 
of No. 36 D.S.C. wire. 

Secondary Winding of Transformer for Filaments .—Two 
coils of 42 turns of No. 20 D.C.O, wire. 
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Secondary Winding of Transformer for Anode Oircait — 
Two coils of 750 turns of No. 36 D.S.C. wire, each tapped at 
250 and 500 turns. 



SECONDARY WINDING 
FOR FILAMENTS 



Pig. 340.—Reotifler oirouik for wireless supply from A.O. 


The iron circuit is made up of stampings of the size shown 
in Eig. 341, 



Fig. 841.—Transformer stampings. 


The filter circuit is considered later, but the output curves of 
such a rectifier are given in Eig. 342. 

The primary windings can be connected in series for a 
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220 volt circuit, or in parallel for a 110 volt supply, and the trans¬ 
former has been designed, primarily for a frequency of 60 cycles. 

With regard to the valves to be used, most of the three 
electrode amplifiers will be suitable, if the grid and anode 
are connected together. If greater anode currents are wanted, 
a set of four valves can be constructed, consisting of two 
banks of two in parallel. This is possible with the above 
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Fig. 842.—Output from reotifiex 

arrangement, as the transformer filament secondary has been 
designed to provide a supply at 9 volts. 

(b) Neon Bectifier .—Alternatively to the above, large neon 
gas-filled rectifiers may be used with the added advantage that 
no filament circuit is required. In this case, however, a 400 volt 
transformer is required, with an earthed neutral point, as neon 
rectifiers will not operate satisfactorily much below 200 volts. 
The transformer illustrated and described above would do equally 








G.E.G. H.T. eliminator. 

\To face 2}age 476. 
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well for these rectifiers, only the filament circuit would not be 
wanted. 

A filter circuit or smoother must be included as a necessary 
feature of the circuit. 

Commercial types of neon rectifier are now available, and 
one manufactured by the General Electric Company is illustrated 
in Fig. 343 ; it employs a tube of the biphase type illustrated in 
Figs. 247 and 248. 

The diagram of connections is given in Fig. 344, and it will 
be noted that there are three output terminals, viz. a common 
negative, a low voltage positive with a voltage range of from 
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Fia. S14. —DiEbgram of oonneotiouB of H.T. eliminator. 


6 to 40 volts controlled by a variable rheostat, and a main 
amplifier positive of 160 volts. 

Characteristic curves are given in Fig. 346 for this particular 
unit, for three primary voltages, viz. 234, 220, and 200. The 
upper curves refer to the rectifier when the glow discharge lamp 
is removed, and the lower ones to the state of affairs when it is 
inserted. It will be apparent that although a lower voltage is 
obtained in the latter case, yet the voltage regulation is greatly 
improved. 

The excellence of this type of rectifier is well illustrated by 
the oscillographic records in Fig. 346. 
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The eliminator must of necessity embody a filter as shown 
in the diagram of connections, as well as a transformer for 
raising the voltage of supply to the requisite value. 



Fio. 846.—Oharaotonstio ourres of H.T. oliminator. 

Items (c) and (d) require little amplification here—the 
thermopile has been discussed above, and the commutator 
rectifier is expensive, and entails rotating plant. 
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Fio. 84G.—Osoillographs of H.T. eliioiiiator. 


(e) Contact Bectifier .—This has been described on page 460, 
and little more is needed at this point. It is certainly a possible 
competitor of the other methods and deserves attention; but 
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up to the present it is not sufficiently far advanced as a com¬ 
mercial practicability for supplying H.T. The difficulty is in 
the accurate matching of the several crystals or discs. Thus if 
each .one had identically the same characteristics the voltage 
drop would be the same; this, however, is rarely if ever the 
case, and what happens is that the drop differs widely from 
crystal to crystal: the weakest breaks down and the others 
follow suit one by one. 

Direct Current Supply.— 

(a) Plain Filter Circuit .—All that is necessary is a plain 
filter circuit, and two methods are described 
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Fig. 347.—^Filter circuit. 


(i) In Fig. 347 is shown a filter circuit of the ordinsiry type 
which can be cheaply constructed. The supply is tsiken from 
the mains to the potential divider B and thence to the lamp L 
and back to the mains. 

The slider, or a tapping B is led to the choke coil A and 
forms the positive terminal, the negative being connected 
directly to the lamp. 

The particulars of the apparatus for a 200 volt supply are as 
follows:— 

Potential Divider 1700 ohms to carry O'S ampere. 

Lamp 200 volt 40 watt vacuum. 

Condensers Cj and Cg 8 microfarads each. 

Condenser Cj 2 microfarads. 

Fuses F 1 ampere capacity. 
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The ajiode choke consists of 8000 turns of No. 80 D.S.C. 
wire with a resistance of 600 ohms, wound on the central limb 
of an iron stamping illustrated in Eig. 348. 

The reasons for the complications of Eig. 847 are as follows: 
Lamp L is inserted in case of a short-circuit of the condensers 
Cl and Og, and generally functions as a current limiter. 

As an alternative to this lamp, which will have an internal 
resistance of about 400 ohms at the temperature at which it 
operates, a further rheostat may be employed, of the same re¬ 
sistance. Its contact point or slider will then afford a convenient 
supply of voltage for the grid bias, and will provide any voltage 




Fia. 848.—Iron stampings lor choke. 


from zero to 50 volts, but a small filter must under these cir¬ 
cumstances be supplied in each grid lead. 

Condenser Cj is provided for the isolation of the supply 
authority's earth from the earth on the wireless set. 

Such a filter circuit can be used indiscriminately where 
either ttie positive or negative sides of the supply are at earth 
potential, but, in the former case, it should be noted that the 
filament battery and the aerial circuit are 100 to 160 volts below 
earth potential. If due precautions are taken there is little 
danger from such an arrangement. 

(ii) A new form of filter circuit which so far has not 
been employed is described in Patent Specification 211268/24 
(J. W. Byde), and depends for its operation on the peculiar 
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characteristic of the neon discharge tube, and the fact that the 
cathode fall is independent of the current flowing within certain 
well-defined limits, and depends only on the design of the tube 
and its electrodes, and the nature and pressure of the gas. 

Thus in Fig. 349, L is the tube, and Bj is a rheostat 
especially adjusted to provide a normal cathode fall, and Bg is 
a potential divider from which any voltage from zero to the 
supply voltage, less the drop in the apparatus, can be obtained. 

The most important condition of operation is that the 
supply voltage must not be lowered below a minimum value, 
determined (a) by the fact that the glow disappears, and (&) 
the cathode fall is no longer constant. 
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Fig. 349.—Neon tube smoothing devico. 


There seems to be little reason why such a smoothing circuit 
should not be combined with any of the rectifiers described 
above, and it would at the same time embody a cheap and 
simple system to instal. 

A condenser Cg and earth terminal are also provided to guard 
against earthing the supply authority’s mains. 

(&) Bucket Control .—This method of supply is useful whore 
it is essential that the anode supply should be completely 
isolated from the mains. This condition is fulfilled by the 
device illustrated in Fig. 350, where S consists of a four pole 
change-over switch, or its equivalent (the precise form of which 
is mentioned below), and F is a form of filter circuit. Oj and Cg 
are condensers, the capacity of which depends on the load 
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current required The operation of the arrangement is as 
follows:— 

When the mains are connected to Cj, Cg is discharging to 
the load and conversely, and it will be seen that if the switch 
is operated synchronously on an A.C. supply, the apparatus will 
provide direct current to the filter, but in the case of a D.C. 
supply, the speed of operation, can be chosen at will, and will 
affect the smoothness of the current wave to the filter only. 

The switch S can take several forms; it can consist of 
a vibrating reed controlled by an electromagnet working on 
the electric bell principle with the necessary contacts on the 
armature; or, again, a form of synchronous commutator could 
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Fig. 850.—Gomieotions of bucket filter. 
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be designed to function as a four-way change-over switch, but 
would have the disadvantage of rotating mechanism. 

General Precautions*—The above outline of the methods 
available for the supply of electrical energy to wireless sets is 
not complete without a word of caution which is necessary in 
view of the later developments in sound reproduction. The 
characteristic hum from a fifty cycle supply is of such a low 
frequency that the loud speakers chiefly to be found at the 
present time vTill not reproduce anything objectionable on such 
a supply. But the improvements of the last few months have 
completely changed this state of affairs, and filter circuits must 
now be designed with a view to eliminating the lower frequency 
harmonics, which will be unpleasantly apparent when changes 
are made to the newer forms of reproducer. 
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Forms of Supply.—It will have been noted from what has 
been said that wireless apparatus can be supplied from the 
mains when the voltage takes the form of the following:— 

200 to 260 volts alternating current of any periodicity 
100 to 120 „ „ „ „ 

200 to 250 ,, direct current 

and that the real difficulty occurs in the case of the 100 to 120 
volt direct current supply, where usually higher voltages than 
100 are required for the anode circuit. To cope with this 
voltage, which will be suitable for all forms of battery charging 
and filament supply, it is necessary to raise the voltage by some 
means, and here two methods at least have been developed. 
Both of them enable the voltage to be raised to any amount 
(within practical limits) and are worthy of brief description. 


High Voltage D.G. Transformation. 

(i) Botating Gom/tmitatoi' and Transformer .—A mechanism 
for the transformation of a, direct current at low voltage into a 



Fig. 861.—High voltage D.O. transformer. 

high voltage has been tried in France with successful results, 
and the method employed is described by Barthelmy (see Fig. 
361). 

A battery or other source of direct current is connected to a 
commutator E which is coupled mechanically with another 
commutator E' insulated for high voltages. The two com¬ 
mutators are driven by a motor M which need not be supplied 
from an alternating source as it is not necessary to rotate the 
commutators synchronously. E converts the D.O. voltage E 

31 




482 ALTERNATING CURRENT RECTIFICATION 


into an alternating voltage of irregular wave form which feeds 
the primary of the transformer T. A high alternating voltage 
is delivered to the commutator R' where it is again rectified 
into a unidirectional voltage. The commutators RR' are 
simple to manufacture and little power is required to drive the 
rotating psirts. The speed at which the commutators revolve 
can be varied and thus the frequency of the supply to the trans¬ 
former can be made to suit the iron circuit. 



Fig. 862.—Ouirent wave distortion by hysteresis. 


The wave form of the input current will be distorted by the 
iron of the transformer on account of the hysteresis effect, but 
the amount of distortion can be predicted if the conditions are 
known. 

In Fig. 362, E is the voltage wave of the primary circuit, and 
since 

e = Tc 

the flux curve is in quadrature with the E.M.F. if the supply is 
sinusoidal, as indicated by the curve The induction is the 
flux per unit area of cross-section of iron, and, therefore, from 
the flux curve which is also sinusoidal the magnetic force curve 
can be drawn by projecting ordinates from the flux curve on to 
the cyclic curve of magnetisation. The current is in phase 
with the magnetic force and therefore the current wave can be 
obtained. 

The voltage of a transformer is proportional to the product 
flux X periodicity x number of turns 


dd 

dt 
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and as the latter is constant for any one transformer a variation 
of the periodicity will affect the flax if the voltage is also 
constant. If the flux is maintained at low values the distortion 
due to hysteresis is lessened, and the wave form improved on 
the secondary side ; the net result is that the higher the speed 
of the motor the less the wave distortion, and the better the 
rectification. 

It is not known whether such a device has given trouble in 
regard to commutation although the idea has been successfully 
tried as regards the fundamental principles. 


(ii) Condenser Method .—This method has been developed by 
Scroggie, and is described in detail in “ Experimental Wireless.” 

Supply Voltage 



It is only intended to give a brief outline of the general arrange¬ 
ments of the circuit 

In Fig. 363 a number of condensers C are connected in 
series, the outermost terminals forming the anode supply 
terminals A and B. The number of condensers employed 
determines the voltage transformation required, due allowance 
being made for the voltage drop in the system. 

The supply voltage is apphed to each of the condensers in 
turn by means of a rotating commutator, the speed of which 
must be ascertained from the time taken for the condenser to 
charge and discharge, or from the time constant of the circuit. 
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The resulting wave form will not be smooth enough for 
most purposes, and it will usually be necessary to include a 
filter, such as has been described, between the terminals A and 
B, and the anode circuit. 
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PART VII. 

INVERTBBS. 

CHAPTER XXII. 

CONVEBSION FBOM DiEECT CUEEENT TO AlTBRNATINO 
Current. 

In the Introduction it has been stated as a well-known fact that 
there is a need for transmission schemes both overhead and 
underground, which will show a marked improvement over the 
present stEmdard designs. 

The three-phase system, which now predominates, requires 
a larger factor of safety for a given effective voltage than should 
be necessary, due to the fact that designs have to be prepared 
on a basis of a 60 per cent over-voltage, on account of the peak 
attained. In the case of insulation troubles this is a serious 
consideration, but where corona losses are concerned, it may be 
much more troublesome to cope with, as corona depends on the 
size of the conductor, and it may happen that the size of the 
copper installed is a factor of corona rather than its legitimate 
purpose of carrying current. This is uneconomical, and as 
corona commences at a certain definite critical voltage anything 
which will lower this voltage will be welcomed. 

Thus on every score a high voltage direct current transmis¬ 
sion would be of advantage at the present juncture. 

On the other hand, there is no doubt that for generation and 
transformation, alternating current has great advantages; and 
a combination of the two schemes would therefore appear to 
present the solution of problems which cause many troubles. 
The problem of inversion, viz. the conversion from direct to 
alternating current is, therefore, of equal import to that of 
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rectification, and wiU have to be studied from new standpoints, 
if the ideal schemes are to be evolved. 

There is little known about inversion except in America, 
and lately in France, where one or two experimental plants have 
been installed, and so far these experiments do not do more than 
indicate that theproblem can be solved. In this country the 
Transverter is now beyond the experimental stage, and would 
appear to be the only practical solution available. This aspect of 
the case has already been considered (see page 119), and only the 
data from the United States and France will now be described. 



Fig. 864.—Bipliaso leotifloation. B’iq. 865.—Tho invertei’. 

The four methods possible are;— 

(i) By means of the three-electrode valve and grid control. 

(ii) The magnetron effect. 

(iii) Mercury vapour rectifier with grid control. 

(iv) The transverter. 

(i) Three-Electrode Valve and Grid Control.—~C 0 n. 3 id.e 1 the 
two circuits illustrated above, viz. Fig. 354, the usual biphase 
rectifier, and Fig. 366 the inverter. 

It has been shown that in the ordinary rectifier circuit 
(page 186) the inductance between the anode and the trans¬ 
former, or m the transformer windings, causes a certain overlap 
of the load currents supplied from the separate anodes, and that 
during the period of overlap both rectifiers supply current to 
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the load. In an inverter such as is shown in Fig. 355 a direct 
current generator G is supplying a steady current to two-three 
electrode valves and the primary of a transformer, to the 
secondary of which is connected a synchronous motor M. The 
function of the valves is to switch over the direct current from 
one of the primary circuits to the other, and thus reverse the 
current in each half of the primary winding, in which case a 
form of alternating current will be available for driving the 
synchronous motor. 

It will be apparent that there are no means available in a 
two-electrode valve (Fig. 364) whereby this switching operation 
can be effected, and it is solely due to the insertion of a grid 
in the diode, that this form of inversion is possible. 

Neglect for the moment the precise action of the grid, and 
assume that some form of tap is present in the two valves which 
will periodically and consecutively cut off the current; also re¬ 
member that the vaJves can only conduct current in the direc¬ 
tions AO and BD, or when A and B are positive to C and D 
respectively. If valve BD is rendered conducting, current will 
flow via the circuit EBDG, and when AO is conducting via 
EAOG; the current in the primary of the transformer thus 
changes its direction at each reversal, and induces an alternating 
B.M.F. in the secondary circuit including the motor. The 
question of the starting of the motor will be considered later. 

At the point where the current is switched from one valve 
to the other, both valves are conducting, and it will be apparent 
that current can flow from G via both valves and back through 
the inductance L, and that if this current is allowed to continue 
for too long a period it will constitute a short-circuit of the 
supply. This current is limited by the inductance, and the rate 
of rise and fall of the grid control. 

It is advisable to bear in mind that to all intents and pur¬ 
poses the drop of voltage in the valve is constant, and that so 
long as A and B are positive to C and D, current o£ any magni¬ 
tude up to saturation value can flow, and that, therefore, if the 
current is to be made to fall gradually it must be accomplished 
by varying the grid voltage, and, further, any sudden changes in 
the current will tend to surges which are to be deprecated. 
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To afford this measure of control, and to eliminate the 
possibility of short-circuit, the grid of each valve is connected 
to an alternating supply as shown in Eig. 356, where T' is 
taken from one of the windings of the synchronous motor. 

With the arrangement shown, the synchronous motor is 
not self-starting, and has to be run up to its correct speed 
before the circuit will function correctly; but it will be noted 
that any circuit which will provide a suitable oscillation on to 
the grids of the valves will be sufi&cient to allow current of an 
alternating character to flow through the main valves. Such 



366.—Complete inverter oirouit. 


oscillations can be obtained from an oscillatory circuit consist¬ 
ing of a three-electrode valve with inductance and condensers 
to provide a given frequency, and a small starting motor employed 
to run the motor up to speed. The final alternating current 
®^PPly be obtained from an alternator coupled to the motor 
shaft. 

The above is only a brief survey of the possibilities of this 
system of inversion, but enough has been said to demonstrate 
beyond all doubt that only practical and minor difficulties in 
design have to be overcome. 
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(ii) Magnetron Effect .—The general theory of the magnetron 
has been given on page 318, where it was shown that if an 
electromagnetic field is applied axially to a two-electrode valve, 
for any given filament and anode diameter, electrons will fail to 
reach or will all reach the anode according to whether, for any 
given current, the potential between the anode and the cathode 
is less or greater than a given critical voltage. 

This critical voltage is expressed by the equation 

Ec = 001882 pjlogio^}' volts 

where d and do are the diameters of the anode and cathode, and 
I is the filament current in amperes. 

This equation can be written for a tungsten filament 
operating at 2600 degrees Kelvin 

JB, = 44100 

where do is in centimetres. 

The magnetic field is always present when current passes 
through a conductor, and it may therefore happen that the 
filament current itself wiU give rise to a magnetron effect. It 
can be shown that such an effect is quite negligible in the case 
of small valves, but the following table of calculations by Hull 
will show that the effect increases with filament diameter. 


TABLE XL. 

Tungsten at 2600 degrees Eelvin. 


Diameter of Anode 
oms. 

Diameter of Fila¬ 
ment oms. 

Critloal Voltage, 

6-0 

0-0026 

0-0076 

5-0 

0-026 

80 

6-0 

0*100 

127 

6-0 

0*260 

1140 

6-0 

1-000 

21,600 

6-0 

260 

62,800 


It can be generally stated that where filaments are carrying 
50 amperes or more, care has to be taken to ascertain whether 
magnetron effect is present or not. 
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In the case of the ordinary rectifier, this deflection of the 
electron stream is a definite disadvantage as it will reduce the 
current passed by the rectifier, and will distort the wave form. 
But for certain purposes, notably inversion, this distortion may 
be used to advantage. 

Consider the wave form in Fig. 357 which represents the 
current wave in a rectifier supplied with direct current on the 
anode at a voltage of 488, and with 12-1 volts across the filament, 


Fig. 867.—^Magnetron effect. 

at which potential it absorbed 1*8 kilowatts. The filament was 
supplied from an fiJternating current source, and the curves 
show how the anode current which should be constant in 
value, but for the diversion of the electrons, is interrupted. In 
this case the maximum current was 1’41, and the minimum 
current 0*08 ampere. 

It will be noted that the variation of anode current is at a 
frequency double that of the supply, and that the effect of the 




Fig. 868.—OsollIograiaB of magnetron efieot. 


variation of filament current throughout the cycle does not cause 
a sudden discontinuity in the anode current, but that this is 
a gradual effect. 

Next consider another case where the magnetron effect is 
more marked. In Fig. 368 the filament volts were 14, and 2*4 
kilowatts were absorbed in the same valve. The anode potential 
was 700 volts, and the variation of anode current was between 
0*32 and 2*82 amperes. 
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The striking factor in this oscillogram is the fact that the 
anode current is a very close approximation to a sinusoidal curve 
of double frequency of the filament supply, and thus it is not 
difficult to envisage an arrangement whereby this anode current 
is passed through a transformer for conversion into alternating 
current. Such a method would be simpler than the grid con¬ 
trol, but suffers from the disadvantage that a variation in anode 
current varies the wave form. Where this is not important it 
provides a helpful solution to the problem. The provision of 
the heating current would preferably come from a separate 
alternating current supply driven from a motor generator set, 
although it is conceivable that the starting current could be ob¬ 
tained by similar means to that suggested for the grid control 
inverter, viz. by an oscillator with inductance and condensers. 

(lii) Mercury Vapour Rectifier with Grid Gontrol .—This 
method of inversion, which is, so far as the writer is aware, 
entirely new, is the result of research by 
Maurice Leblanc, and is described by EL 
G-iroz in the “ Bulletin Soci6t6 Fran 9 aise 
des ^Heotriciens.” Whether it will be 
capable of inverting power currents 
at high voltages is uncertain, but there 
seems to be no insuperable objection. 

Consider a mercury vapour rectifier 
as shown in Fig. 359, which embodies 
the special feature of the grid G, in addition to the anode A and 
the cathode 0. EE are the auxiliary anodes which maintain 
the arc as well as an ionised atmosphere of vapour in the 
bulb, and which are an essential portion of the rectifier when 
acting as an inverter. The function of the reversing switch 
B is to apply, as desired, a positive or negative potential to the 
grid. 

The grid fulfils two important functions, and it is essential 
that they should be clearly understood. 

{a) If there is no arc struck between the anode and the 
cathode, it is not possible to cause current to flow if the grid is 
negative with respect to the cathode. 



Fig. 869.—^Merourj vapour 
rectifier frith gnd control. 



494 ALTERNATING CURRENT RECTIFICATION 


(6) If an arc already exists between A and 0 it is impossible 
to interrupt it merely by rendering the grid negative with 
respect to the cathode. 

This phenomenon is explained by noting that when the arc 
is struck, the vapour being ionised, * positive ions exist which 
collect as a space charge around the negatively charged grid, 
neutralising its potential In the case of the thermionic 
rectifier, where there are no positive ions, the grid is capable 
of causing an interruption of the current. In addition, in 
thermionic emission, a varying charge on the grid will cause a 
varying flow of anode current. In the mercury vapour inverter, 
however, such is not the case, and the resistance which during 
one portion of the cycle, is in the neighbourhood of zero, 
discontinuously approaches infinite values at other portions. 



Consider the circuit arrangements which have been pro¬ 
posed. In Fig. 360 a rectifier is provided with grid bias cells 
connected to the grid. In the main direct current circuit, the 
usual choke Li is employed, and the oscillating circuit consists 
of a second choke Lj, a condenser G, and a transformer T. 

The direct current Im is steady whilst those of the rectifier 
and oscillator circuits vary, and 

•Lf = h + V 

The function of Li is to maintain the current Ijn constant 
in value, and consider, therefore, the condition when is zero; 
this state of affairs is apparent in Fig. 361, where the current 
and voltage curves are shown. 

The supply voltage Em commences to charge the condenser 
0 until the voltage across the terminals is such that the grid is 
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negative, and current commences to flow from the anode to the 
cathode, according to the curves in Fig. 361. 

It is easy to see that the process is a continuous one, the 
periodicity being determined approximately by the expression 

1 

^irL^G' 

It will be apparent that this arrangement can only be 
employed to supply low frequency current in view of the size 
and expense of the apparatus. 



The following are the 
D C. supply voltage 
.. ,, current 


Frequency . 
Choke L . 
Capacity G . 


values of a particular test:— 

. 500 volts. 

. 20 amperes. 

. 20,000 cycles per second. 

. O'Ol henry. 

. 0'006 microfarad. 


The oscillation in the L^O circuit, which will be approxi¬ 
mately sinusoidal in shape, can be collected by the trans¬ 
former T. 

It is of interest to note that, whereas in the case of the 
rectifier only anodes supply current whose voltage exceeds that 
of all the others, the reverse is true of the inverter, viz. only 
those anodes whose voltage is less than all others wiU invert. 

Enough has been said to indicate that a very interesting 
problem is in the course of solution; it is one which may have 
far-reaching effects on power transmission in general, and 
developments will be awaited with interest. 
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(iv) Tramverter .—So far, therefore, the Transverter is the 
only practical method available. It is a reversible machine 
electrically, and will be at once ready to convert from D.C. to 
A.C. at high voltages. 

Which of these four methods will ultimately be employed 
or survive the test of experience, it la early to say, but one 
would preferably eliminate rotary plant, if at all possible; but, 
on the other hand, the life of thermionic valves is limited at the 
present juncture, and the dislike naturally enough, of glass bulbs 
in power houses and substations, is prejudicial to the other 
methods. 

It is highly possible that there will be uses for all, for 
where large powers are to be converted the transverter will 
probably be the cheaper in the end, but for small powers of rela¬ 
tively only a few kilowatts there is little doubt that one of the 
former devices would have many advantages. 
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PART VIII. 

-^tjTEBNATING GUREENT MBASUEEMENTS AND GENEEAL 
USES OF EEOTIFEES. 

OHAPTBB XXni. 

Measurements of Small Alternating Currents and Volt- 
^S'es.—One adaptation of a rectifier, which so far has not been 
extensively employed, is in the measurement of small alternating 
o-u.i:'renta and voltages. Indicating instruments can be obtained 
of the dynamometer type which will read to 10 nulliamperes or 
* 2 volt, but for accurate work their use is often inadmissible 

account of their low resistance. Thermo-ammeters can 
*^oiiaetimes be employed, but they can easily be damaged by 
oiai^rents only a few per cent, above their rated capacity, and 
tHoy are therefore not preferred if other means are available. 

The use of a rectifier has suggested itself, the actual measure- 
inent being made by any convenient direct current instrument 
witli suitable calibration. 

Dr. Clayton Sharpe of the New York Testing Laboratories 
lietfS developed the use of these rectifiers in precision measure- 
iJPiexits. A synchronous commutator type rectifier is used, which 
Gssentialiy performs the functions of a reversing key. One of 
tlio dilliculties to be overcome is the proper insulation of the 
ijciotor from the galvanometer, but it has been finally surmounted 
l>y mounting the commutator on a separate bed to the motor 
EiridL carofully earthing the latter. 

Hfifect of Capacity.—It is important in oonsidering the use 
of Oi rectifier in this connection to note the effect of capacity on 
- 613.0 resulting indications, as it is more marked than would at 
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first be expected. Whitehead has investigated this side of the 
problem and his published results add greatly to the existing 
knowledge on the subject. 

Two methods of connection are possible, viz. the series 
method, as shown in Fig. 362, in which case one half of the 



Fig. 362.—Series commutator. 

alternating current wave is suppressed, and a single-phase wave 
form results; or the shunt connection of Fig. 363 which acts 
as a reversing switch, and a biphase current is delivered. 

The series commutator consists of six sectors alternately 
conducting and insulating, and is driven as usual at synchronous 
speed. The shunt commutator has four segments, two conduct¬ 
ing and two metallic. The supply leads are connected to two 
slip rings, one ring bemg joined to each segment. 



Fig. 363.—Shunt commutator. 

The residing on a direct current instrument (other things 
being equal) will therefore be double that with a shunt com¬ 
mutator to that from a series commutator. 

If a direct current supply is used, a condenser will have a 
greater effect than in the case of an A.G. supply, as the steep 
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wave front of the discontinuous curve will accentuate the effect 
of the capacity. In the experiments described a primary 
battery was used in conjuncticm with a galvanometer for 
measuring the current, and the ratio of running to standstill 
deflection was plotted against the capacity in parallel with a 
series resistance for both series and shunt commutators. This 
ratio should be 0'6 if the capacity has no effect or if it is absent. 
The diagram of connections employed is indicated in Fig. 364. 


r' R -ii 



■Fia. 864.—Oonueobiona for testing the eSeot of oapaoity in. reotifior. 


That capacity has a big effect is shown clearly from the 
performance curves of Fig. 366, where it is demonstrated that 
a series commutator is much more susceptible to errors from 
capacity effects than is one connected in shunt. The absolute 
effect of capacity on a series rectifier is shown in Fig. 366, and 
it is obvious that great care must be exercised to reduce the 
capacity of the wiring if accurate measurements are to be made. 
The mathematical analysis is briefly as follows :— 

Assume that 

e is the battery voltage, 

8 is the galvanometer resistance, 
is the galvanometer shunt, 
r' is the resistance in series with the galvanometer, 
and Xa is the oondensive reactance of the circuit. 



RATIO OF RUNNING TO STANDSTILL DEFLECTIOM 



COMMUTATOR IN SRUNT. COMMUTATOR IN SERIES 
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From these equations, by elimination, 

, aJohC-R + ^) 

de'^ rB “ rB' 


which has for a solution 


Ai 


iR 


R + r 


(4) 



Fiq. S66.— Batio of running to standstill dellootion for various spoeds of a 

Bones oommutator. 


No. 1.—Loads for 10“ ohm rosistanco. 100 foot of twisted flexible ( = 0-005 
inL); loads for oommutator 16 foot ditto (= 0-0007 mf.), brush narrower tliau 
insulation botwoon sogmonts. 

No. 2.—Loads fur 10 ohm resistauoo, short soparatod wiros. Loads for 
oommutator tho samo as No. 1, brush wider than insulation botwoon sogmonts. 

No. i).—Same as No. 1 oxoept that the loads for the 10 ohm reslstanoe wore 
separated. 

No. 4.—Samo ns No. 2 oxoept that brush was narrower than insulation 
between sogmenls. 

No. 5.—Same as No. 8 oxoept that tho oommutator leads were separated. 

No. 0.—Samo as No. 4 oxoept that tho oommutator leads were separated. 
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From equations (2) and (4) 


{R + r)Xo 


Co = ABe + 


B + r 


. (5) 


and to evaluate (5) put 0 =» 0 for the closing, and ^ = tt for the 
opening of the circuit, whence 


6ci0 = 0) = AB -{• 


B + r 


{R + r)fl!e jp 

and eXG = tt) = AB^ ^ 

B + r 

During the period when the circuit is open (it being 
remembered that a series commutator is being considered), the 
condenser discharges through B and the equations are 

6,6 c , 0 n 

m + 


Hence as above 


e'o = 


e\{9 = 0) = A' 


and 6'oiO = 27r) = A'e ^ 

and if commutation is to be sparkless the further condition is 
given that 

eo{0 = 0) = e'c {6 = 27r) 

and edO = 27r) = e'c {6 = 0) 

respectively. 

Eliminating the constants A and A' the current values are 
found to be 




1 - e ^ 
1 _ 




1 +5 1 “ 6 ^ g- 

B-,r r 


and 
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If Im is the continuous current through the galvanonaeter 


Ijf = 


E 

jB + 7* 


and the ratio iJIm should correspond with the values given in 
the curves in Fig. 366. If this equation is plotted it will be 
found to be in close agreement with experiment. 

The above analysis has been included because it is not 
generally realised what effect capacity has on the results of such 
a measurement, and the fact that most of the commutators in 
use are of the shunt type is based on direct experimental 
evidence. 

Measurements of High Frequency Currents and Voltage 
by Means of a Thermionic Valve.—A sensitive direct reading 



Ihi ' 


Galvanometer 

& 

AC. 

' 

i 'o 

{ 

' H.T. 

Supply 

L-® 

/ 

f 

.BATTERY 


j j 

—ihl 

Moulha Toltme 

> 

t 


Fia. 867.—; 

iter. 



voltmeter has been designed by E. B. Moullin, and is available 
for measurements of high frequency currents and voltages. 

The circuit employed consists of a three-electrode valve con¬ 
nected as shown in Fig. 367. 

As regards the constancy of the circuit arrangements it will 
be noted that a variation in any one of the following quantities 
may effect the reading of the galvanometer for a given variation 
of the supply :— 

(1) High tension voltage, 

(•2) Low tension voltage, 

(3) Grid condenser capacity, 

(4) Grid leak value, 

but these factors do not have as great an effect as would be 
expected. For instance, with an ordinary E type valve:— 
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(1) At about 76 volts high tension a variation of plus and 
minus 3'6 per cent, volts has no appreciable effect on the calibra¬ 
tion. 

At lower voltages a certain measure of inaccuracy is intro¬ 
duced, and it is therefore advisable to keep the anode potential 
at about that figure. 

(2) A change of from 3’7 to 4'0 volts on the filament only 
produces an alteration in the calibration of 1’5 per cent. 

(3) The grid condenser does not vajry in capacity, so that its 
effect need not be considered. 

(4) Grid leak. Changing the grid leak from 1’8 to 4 meg¬ 
ohms affects the accuracy by 4 per cent. 

It will be apparent that a somewhat complicated arrange¬ 
ment with various external supplies results in a measuring 
instrument, the accuracy of which can be controlled within 
definite limits. 

The calibration can be effected by inserting a meter of known 
accuracy, in the supply circuit, and obtaining a curve by varying 
the rheostat connecting the amperes in the supply with the 
galvanometer readings. A family of curves will thus be obtained 
with different anode or filament potentials. These curves will 
form the calibration of the instrument. 

Altogether six different methods of connection have been 
employed for the measurement of radio frequency voltages. A 
full description is given by Medlamin “Experimental Wireless,” 
which should be consulted for the detailed descriptions. The 
methods affect the accuracy of the determination as well as the 
voltage range covered. 

Peak Voltmeter.—An important and simple application of 
the rectifier as a piece of measuring apparatus, is thd peak volt¬ 
meter. This instrument consists of a thermionic rectifier, a 
condenser of high insulation, whose capacity is large compared 
with that between the anode and filament of the rectifier, and 
an electrostatic voltmeter also of high insulation. Voltage 
peaks are measured with respect to earth potential, and depend¬ 
ing on whether the peak is positive or negative, the arrange¬ 
ment of Eig. 368 or Fig. 369 must be used. 
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The principle involved is simple—take the case shown in 
Fig. 368, current will flow into the condenser whenever the 



E- 



A 

Y 


Electrostatic 

Voltmeter 


Fig. 368.—^Peak voltmeter. 


anode is at a higher potential, but no current can flow out of 
the condenser, since it is perfectly insulated, and further the 



Electrostatic 

Voltmeter 


Fig. 869.—Peak voltmeter. 

rectifier is a perfect insulator, as far as current flowing out of 
the condenser is concerned. The condenser thus rapidly charges 
up to the peak value of the voltage applied to its terminals. 


I 

H 



A 

Y 


Electrostatic 

voltmeter 


TB 


Fig. 870.—Hippie voltmeter. 

It is necessary to ensure good insulation—the sharper the peaks 
the more important this factor will become. The rectifier must 
also be thoroughly evacuated so as to cause no trouble through 
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gas discharges. A small emission of a few milliamperes only 
is required. 

By measuring peak voltages across non-inductive shunts, 
peak values of current can be obtained, while by measuring peak 
voltages across inductances a measure of the steepness of wave 
front can be obtained. 

Such peak voltmeters are of value in studying the operation 
of three-electrode valves used as generators of oscillations; the 
complete voltage swing of grid and anode can be readily obtained. 

A further use is in measuring the amount of ripple on a 
rectified supply, by using the circuit arrangement shown in 



Fiq. S71—Temperatare xegulabion of a furnace. 


Fig. 370, which is merely a combination of Figs. 367 and 368 ; 
the voltmeter measures the difference between the maximum and 
the minimum value. 

Application of Small Rectifiers to Voltage Control. —As 

an example of the special usages to which rectifiers may be put, 
the control of a furnace temperature between close limits is 
quoted. This particular control has been developed by H. S. 
Roberts and is shown diagrammatically in Fig. 371, a vibrating 
reed type of rectifier being used. 

The furnace is shown at F and is placed in one of the arms 
of a Wheatstone’s Bridge, the ratios of which are 

P , F 
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When the temperature rises, the resistance of E rises and the 
balance is upset, causing an alternating current to flow between 
the contacts L and M. Thus current will pass through the 
transformer to the vibrating reed rectifier A which is supplied 
from the main A.C. supply, and which vibrates once per cycle, 
owing to the polarising permanent magnet. A direct current 
flows to the galvanometer relay G and the needle gradually 
moves over to the right or left depending on the direction of the 
current, i.e. on whether L is at a greater potential than M or 
conversely. The galvanometer needle thus makes contact with 



Eio. 378.—160 kilovolt direct ounent core Oj to oore Oy of a three-core cable. 

75 kilovolt cores Ci and Og to earth. 

one or other side of the circuit W, and on account of the inclusion 
of another relay and rectifier (not shown) the circuit X is opened 
or closed, thus regulating the furnace current by the short-circuit¬ 
ing of the resistance r. The details have been worked out 
carefully in the paper mentioned in the bibliography, but this 
case is mentioned to indicate what advantages a rectifier may 
bring if only it can be developed with sufficient care. 

Application of Thermionic Rectifiers to Cable Testing and 
Dust Precipitation.—The high voltage thermionic rectifier is 
used in cable testing and dust precipitation as foreshadowed 
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on page 131. The particular plant for the former purpose is one 
developed by Messrs. Watson & Sons, and a portable form is 
illustrated in Fig. 372. 

With the apparatus shown, it is possible to obtain a peak 
voltage for test purposes of 150 kilovolt by the use of a 
76 kilovolt transformer. The method by which this voltage is 
obtained has already been described on page 336, but the actual 
connections in this case are indicated m Fig. 373 and 374. 

The primary voltage can be suitably varied by means of an 



adjustable choke, and this, at the same time, wiU automatically 
limit the amount of current in the E.H.T. circuit in the event 
of a cable fault during testing operations. 

Further banks of high resistance units are provided in the 
high tension circuit to protect bhe rectifiers against surges. 



Fig. 872.—Oablo-tostiug plaut usiug lliorinionic 


Gotifioi's. 
Tofaceiioge CIO. 
























MEASUBEMENTS AND GENEBAL USES 511 


BIBLIOGBAPHY. 


Scienoo Abstracts. Author. 


Periodical. 


Itofereiico. 


B 1927 237 
B 1927 238 
B 1927 266 
B 1926 399 


Sharp 

Roberts 

Robinson 

Chubb 

Sharp 

Sharp 

Whitehead 

Smith Rose 

Moullin 

Paterson & Camp¬ 
bell 
Taylor 
Bartlett 
Moll 
Lis 

Granier 

Burkholder 

Rasson 

Gorce 

Medlam 


A.I.E.E. 

O.S.J.A. 

A.I.E.E. 

ALE.E. 

AI.E.E. 

A.I.E.E. 

A. I.E.E. 

B. E.AM.A 
W.W. 

Phil. Mag. 
J.S.I. 

J.S.I. 

J.S.I. 

E.u.M. 

Rev. Gen. 
EL World. 
El. World. 
S.P.B. 

Exp. W. 


V. 29, p. 1207. 
1922, No. 9. 

V. 28, p. 981. 

V. 36, p. 121. 

V. 36, p. 129. 
1912, p. 1617. 

V. 39, p. 106. 

V. 6, p. 668. 

1922, p. 1. 

1919, p. 361. 

V. 3, p. 113. 

V. 1, p. 281. 

1926. p. 209. 

V. 44, p. 667. 
1926, p. 87. 

V. 88, p. 846. 

V 88, p. 1117. 
1926, p. 1182. 
1926, pp. 689, 664, 




613 


APPENDIX I. 


TABLES OP e-fl. 


e. 

0 










•00 

1-000 

•9990 

•9980 

•9970 

•9960 

•9960 

9940 

•9980 

•9920 

•9910 

■01 

•9900 

•9891 

•9881 

•9871 

•0801 

•9861 

•9841 

•9881 

•9822 

•9812 

•02 

•9802 

•9792 

•9782 

•9778 

•9763 

•9768 

•9743 

•9734 

•9724 

•9714 

■03 

•9704 

•9096 

•9686 

•9676 

•9660 

•9066 

•9646 

•9037 

•9027 

•9018 

•04 

•9608 

•9698 

•9689 

•9679 

•9670 

•9660 

•9560 

•9611 

•9531 

•9622 

■06 

•9512 

•9502 

•9493 

•9484 

-9174 

•9466 

•9466 

■9446 

•9430 

•9427 

•06 

•9418 

•9408 

■9399 

•9389 

•9380 

•9371 

•9301 

•9362 

•9848 

•9338 

•07 

•9824 

•9816 

•9806 

•9296 

•9287 

•9277 

•9268 

•9269 

•9260 

•9240 

•08 

•9281 

•9222 

•9213 

•9204 

•9194 

•9186 

•0176 

•9167 

•9168 

•9148 

•09 

•9139 

•9180 

•9121 

•9112 

•9108 

•9094 

•9086 

•0076 

•9066 

•9067 





_ 

_ 

___ 






d. 

0. 

•01. 

•02. 

•08. 

•04. 

•06. 

•06. 

■07. 

■08 

•09. 

•1 

•9048 

•8968 

•8809 

•8781 

•8694 

•8607 

•8621 

•8437 

•8363 

•8270 

•2 

•8187 

•8100 

•8026 

■7946 

•7866 

•7788 

•7711 

•7634 

■7668 

•7488 

•3 

•7408 

•7384 

•7261 

•7189 

•7118 

•7047 

•6977 

•6907 

■6889 

•6771 

•4 

■6708 

•0087 

•6670 

•6606 

•0440 

•6376 

•6813 

■0260 

•6188 

•0126 

•6 

•6066 

•6006 

•6945 

•6880 

•6827 

•6769 

•6712 

•6066 

•6699 

•6643 

•0 

■6488 

•6481 

■6379 

•6820 

•6273 

•6220 

•6169 

•5117 

•6060 

•6016 

•7 

•4906 

•4916 

•4868 

•4819 

•4771 

•4724 

•4077 

•4680 

•4684 

•4688 

•8 

•4498 

•4449 

•4404 

•4360 

•4817 

•4274 

•4232 

■4190 

•4148 

■4107 

•9 

•4000 

•4026 

•8986 

•8940 

•8900 

•3807 

•8829 

•8791 

•8768 

•3710 

10 

•3079 

•3042 

•8000 

•3670 

•8686 

■3499 

•8466 

■8480 

•8890 

■8802 

1-1 

•3320 

•8290 

•8203 

■8280 

•3198 

•8100 

•8186 

■8104 

•8078 

•3042 

1-2 

•3012 

•2982 

•2962 

•2928 

•2894 

•2866 

•2837 

•2808 

•2780 

•2768 

1-8 

•2726 

•2098 

•2671 

•2646 

•2618 

•2692 

•2667 

•2641 

•2610 

■2491 

1-4 

•2406 

•2441 

•2417 

•2393 

•2869 

•2846 

•2322 

•2299 

•2270 

•2264 

1-6 

•2281 

•2209 

•2187 

•2166 

•2144 

•2122 

•2101 

•2080 

•2000 

•2089 

1-6 

•2019 

•1999 

•1979 

•1969 

•1940 

•1920 

•1901 

•3882 

•1804 

•1846 

1-7 

•1827 

•1809 

•1791 

•1778 

•1766 

■1788 

•1720 

•1703 

•1680 

•1070 

1^8 

•1068 

•1087 

•1020 

•1604 

•1688 

•1672 

•1667 

•1641 

•1626 

•1611 

1-9 

•1496 

•1481 

•140G 

•1461 

•1487 

•1428 

•1409 

•1896 

•1881 

■1807 

2-0 

•1358 

•1840 

•1827 

■1313 

•1300 

•1287 

■1276 

•1202 

•1249 

•1287 

2-1 

•1226 

•1212 

•1200 

■1188 

•1177 

•1L06 

•1163 

•1142 

•1130 

•1119 

2-2 

•1108 

•1097 

•laso 

■1076 

•1006 

•1004 

•1044 

■1038 

•1028 

•1018 

2-8 

•1008 

•0993 

•0983 

•0978 

•0*908 

•0961 

•0944 

•0936 

•0J)20 

•0910 

2-4 

•0907 

•0898 

■0889 

•0880 

•0872 

•0803 

•0851 

•0840 

•0837 

•0929 

2-6 

•0821 

•0818 

•0806 

•0797 

•0789 

•07HI 

■0773 

•0705 

■0758 

•0760 

2-0 

•0748 

•0736 

•0728 

•0721 

•0714 

•0707 

•0099 

•0003 

•0080 

•0079 

2^7 

•0072 

•0065 

■0059 

•0662 

•0040 

■0689 

•0033 

•0027 

•0020 

•0014 

2-8 

•0608 

•0602 

•0690 

■0590 

■0684 

•0678 

•0678 

•0607 

•0601 

•0666 

2^9 

•0660 

•0646 

•0639 

•0684 

•0629 

•0528 

•0618 

•0613 

•0608 

•0608 

_ 

_ 

__ 

_ 

__ 

_ 
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Numhera refer to Pages. 

A suffix “ b " refers to the Bibliography. 
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Aooumulator, see Sattery. 

Aome X-Ray Oo., 181,169b. 

Aguew, 8Sb. 
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— hot wire, 76. 

— moving ooil, 74. 
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Analysis, Courier’s method, 17. 

— harmonio approximate, 64. 
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— rectangular wave form, 88. 
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Ooinplox waves, oftoobivo values, 70. 

-moan valnos, 08. 

OondonsGi.*, smoobhing, see Wave filher. 
Oonduobiun, aro, 107. 

— moballio, 106. 

Oonsbanb ourrout synolironoua oommu¬ 
tator, 116. 

— potential synchronous oommutator, 

100 . 

— term In wave form, 16. 

Oonvorter, La Oour, 98. 
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Oopper d^o rootidor, 460. 
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— electrolytic value of, 76. 
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Davis, 849b, 389, 890, 891b. 
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Dowsett, 448b. 

Duddell, 80. 

Dunayer, 174b. 


Dunoon, 848b. 

Dushmon, 848 b. 
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-temperature, 407. 
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Function, classes of, 41. 

Furnace control, 608. 


INDEX 


617 


Galena, 437. 

Gimos, ilue, 181, 609. 
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-senes commutator, 600. 

-shunt commutator, 600. 

-thoorobical analysis, 601. 
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linooln, 88b. 

Liqmd oonduotion, 997. 

— jet osoillating, 167. 

Lis, 349b, 611b. 

Little, 349b. 

Lodge Oottiell rectider, 184. 

Lodge, Sir Oliver, 848b. 

Lossev, 446, 449b. 

Low voltage aio rectifier, 869. 

-current and voltage waves, 361. 

-gas presBure, 360. 

-life of bulb, 368. 

-polyphase, 869. 

-starting of, 361. 

-theory of, 860 

Luohsinger, 448b. 
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Lulijl^, 482b. 
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MaoHutcbinson, 449b. 
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-small alternating currents, 499. 
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-cooling, 265. 
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-wave form, 264. 

-efi&cianoy, 247. 
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Mercury v^our rectifiers, glass seal, 279. 

-Harbome sub-station, 274. 

-high vacuum, 268. 

-intermittent loading, 241, 283. 

-life of bulbs, 288. 

-metal seal, 265. 

-occluded gases, 268, 280. 

-operation and attendance, 278. 
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-parallel operation, 240,288. 

-physical characteristics, 232. 
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-pump operation, 208. 

-reactive drop, 224. 
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-simplified formulco, 217. 
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-tbeoiy, 178. 
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282, 284. 

-wave form, 216, 238. 
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Muller, 289b. 
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-mean value of current, 862. 

-power, 866. 
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Nevyman, 482b. 

Nielson, 288b. 

Nodon, 419,431b. 

Norden, 287b. 
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C)dBRNOTT, 289b. 
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OaoiUatiag liquid jet, 167. 
Osoillographs, 80. 

— cathode ray, 81. 

— gas tube, 81. 

Owen, 437, 448b. 

Oxide gas dim theory, 402. 

PADLIA8KI, 449b. 
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PSapalexi, 4Slb. 

Parabolio wave form, 36. 
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Paaoher, 290b. 

Paterson, 611b. 

Peacock, 894b. 
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P41abon, 449b. 

Peltier ofFeot, 435 
Pendulum reolifler, 167. 

Periion, 441. 

Periodic functions, classes of, 41. 
Perkma, 287b. 

Philips’ rectifier, see Low voltage arc 
rectifier. 

Photo-electric cells, 891. 

-oharaoteiistioa of, 892. 

Pickard, 448b. 

Pioken, 849b. 

Herce, 88b, 481b, 448b. 

Pin-crystal reotifler, 454. 

Pivoted lever rectifier, 16G. 

Point to plate rectifier, 884. 

-effect of pressure, 386. 

— --effioiouoy of, 88G. 

-transformer surges, 386. 

-wave form, 884. 

Poisson’s Law, 29G. 

Polanaation, 899. 

PolyphoBO wave form, 19. 

Positivo column, 167. 

Potash dust, ISO. 
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Power, 71, 74. 

— average, 74. 

— calculation of, 71. 
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Precipitation, dust, 180. 

Prince, 8Sb, 287b, 848b. 

Protective roaistance, 18G. 

Pump, diffusion, 267. 

— Langmuir, 267. 

J^ADIO BupplioB filaments, 467. 

-high tension, 471. 


Radio supplies, smoother, 479. 

Rayleigh, Lord, 144. 

Reoora, 169b. 

Recombination, 166. 

Rectangular wave form, analysis of, 82. 

-discontinuous, 88. 

Rectification, condition of, 7. 

— perfect, 6. 

Rectified circuits, instruments for, 14, 74. 

— current, uses of, 1. 

Rectifier, bridge oonneotiou of, 884, 424. 

— olasaifioation of, 8. 

— copper disc, see Copper disc I'octificr. 

— Corona, see Corona rectifier. 

— Ciystal, SCO Oryutal rectifier. 

— electrolytic, seo Eloobrolytio routifior. 

— Instrument, seo Instrument rootiflor. 

— Mercury vapour, sc& Mercury vapour 

rectifier. 

— Neon tube, sea Noon rootiflor. 

— Pendulum, 167. 

— Pin-crystal, soa Pin-crystal rectifier. 

— Pivoted lover, 166. 

— Point to plaU, see Point to plate 

rectifier. \ 

— solid oontoot, sea ''S^lid contact 

reotifler. 

— Spark, 129. 

— surges on, 188. 

— Thermionic, see Thermionic rootiflor, 

— Tungor, see Tungar rootiflor. 

— Tibratlng flame, soa Vibmtlng flame 

reotlfiei'. 

-reed, 117. 

Rectigon, seo Low voltage arc rootiflor. 
Reed resonance, 147. 

Regulation voltage, spark rcotilicr, 181, 
Roslstanoo are, sUiibilising, 178. 

— proteolivo, 18(5. 

Rosonanoo potential, 164. 

Richardson, 208, 8481). 

Rinkel, 448b. 

R.M.S. value of oouiplox wavo, 70. 
Roberts, 608, 6111), 

Uoboriisoii, 4841). 

Robinson, 427, 4821), 61 lb. 

Rod, loaded, vibrations of, 142, 

— unloaded, vibrations of, 144. 

Rongo, 168b. 

Rosling, 481b. 

Rotary convertors, direct running, 915. 

-heating ourront, 08. 

-inverted running, 06. 

-mtjng, 00. 

-offoofa of power faoinr, 96. 

-of no. of phoHOH, 06. 

-starting, 97. 
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Rottanborg, 68b. 
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-constant current, 116. 

-potential, 106. 

-Orypto, 126. 
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129. 

-short-circuit typo, 102. 

— motor “ V ’’ ourvoH, 97. 

TAEGEU, 2ailb. 

Taylor, 6111). 

Tollort, 169b. 

Tbormiouln oiniHSion, KSH, 28.'!. 

— TOctiflov, ( 111 front VI)ltago rtiliitioii, 297. 

-- design, 824. 

-ofloct of roaotauf.o, 801. 

-ollicliHUiy, 299, 881. 

-- olootron citilsHion, 491. 

-filaiuout iuuUmg ami iifo, .'18(1. 

-initial voliH'itioH, ‘297, 8‘22, 

-magnetron olTcct, !ilH. 

-manufacture of, 81(1. 

-operating notes, 82H. 

-polyphase oirciiits, .840. 

-saturation current, 298. 

-seals, 816, 

-space charge, 168, 298. 

-surges on, 882. 

-theoretical analysis, ‘20H, 

-wator-ooolotl, 81.8. 

Thermo-electric 480. 

Thiomo, 44Hb. 

Thomas, 44Rb. 

Thompson, the late Pmf, B, P., 61, H8b. 
Thomson ofTeot, 480. 

Thomson, Sir J. J., 296. 

Three-phase wave form, 69. 

Throe wire system, motor convertor, OH. 
Tlssot, 4481). 

Townsend, 898b. 

Transformor, high voltage, direct uurrunt, 
481. 

— rating of, 227. 

Transvertor, 4, 119, 406. 

Trapezoidal wave form, 88. 

Trey, 449b. 

Triangular wave foim, 80. 

Tsohudy, Dr. W., 282, 2H8b, iSlb. 

Tuugar reotifier, sm Low voltage are 
reotifier. 

Tungsten omission, 294. 

Turner, L. B., 466. 

LJ LTBArviolet light, 166. 

AOUUM, measurement of, 90B. 
Vaillant, 482b. 

Valves, three electrode, 461. 

Van der Bijl, 848b, 466b. 

Vapour, mercury, reotifier, see Merouiy 
vapour. 
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Velooities, initial, 297, 822. 

Vibrating fiame reotiAer, 887. 

— reed reofafler, 187. 

Vibrations, loaded rod, 142. 

— natural and foioed, 146. 

— unloaded rod, 144. 

Vogdes, 287b. 

Voltage, are, 171. 

— regulation, 608. 

Voltameter, silver, 76. 

Voltmeter, dynamometer, 76. 

— hot wim, 76. 

— moving coil, 74. 

-irou, 76. 

— peak, 60C. 

ALGOTT, 384, 387b. 

Walker, Prof. MiIoh, 167b. 

Walter, L. H., 168b, 481b, 448b, 
Walty, 289b. 

Wataasaba, .8781). 

Watson, 610. 

Wattmeter, 7tl, 

Wave Alter, 809, 477. 

— form, aualyslH, 17, 48, 48, 64, 60. 
-bipbaso, 86. 

-- diROOUtlllUOUH, .80. 

-- Aattoned sine, 80. 

-Fourier’s thoorom, 10. 

-ordiuatu method, 64, 60. 

-parabolic, 30. 

-polyphase, 19. 


Wave form, rectangular, 82. 

-Ruasell's method, 48. 

-semi-circular, 34. 

-single-phase, 84. 

-six-phase, 85. 

-speoial, 80. 

-three-phase, 36. 

-trapezoidal, 88. 

-triangular, BO. 

-truncated sine, 87. 

I-X-ray, 132. 

Waves, complex, effective values of, 7tX 

-mean values of, 08. 

Weddle’s rule, 48, 

Wedmore, 83b. 

■Wiitehoad, 600, 611b. 

Wliitney, 287b. 

Wiblo, 287b. 

Wilson, 168b. 

Wiukolmaun, 86, 83b, 

Winter, 482b. 

Wireless detootors, 469. 

Wolf, l6Rb. 

Woodbull, 169b. 

tubes, 130. 

-wave form, 182. 


ZaHN, 4481). 

Zonnooh, 400,481b, 448b. 
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